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FOREWORD 

The  Laser  Physics  Branch  of  the  Optical  Sciences  Division,  Naval 
Research  Laboratory,  Washington,  D.  C.,  prepared  this  annual  report 
on  work  sponsored  by  the  Defense  Advanced  Research  Projects  Agency, 

DARPA  Order  2062.  The  projects  described  are  also  funded  by  NRL-ONR 
research  funds.  Co-authors  of  the  report  were  R.  Burnham,  L.  F.  Champagne, 
R.  S.  F.  Chang,  J.  G.  Eden,  R.  W.  Waynant,  S.  K.  Searles,  L.  J.  Palumbo, 

T.  Finn  and  N.  Djeu. 


FY  79  ANNUAL  TECHNICAL  REPORT 


1.  DARPA  Order 

2.  Program  Code  Number 

3.  Name  of  Contractor 

4.  Effective  Date  of  Contract 

5.  Contract  Expiration  Date 

6.  Amount  of  Contract 

7.  Contract  Number 

8.  Principal  Investigator 

9.  Telephone  Number 

10.  Project  Scientist 

11.  Telephone  Number 

12.  Title  of  Work 


2062 

9E20 

Naval  Research  Laboratory 

1  October  1978 

30  September  1979 

$300,000 

62301E 

N.  Djeu 

(202)  767-3217 

L.  F.  Champagne 

(202)  767-2512 

DARPA/NRL  Laser  Technology  Program 


SPONSORED  BY 

DEFENSE  ADVANCED  RESEARCH  PROJECTS  AGENCY 
DARPA  Order  2062 


v 


i 


DARPA-NRL  LASER  PROGRAM 

Annual  Technical  Report  to 
Defense  Advanced  Research  Projects  Agency 

1  October  1978  —  30  September  1979 

SHORT  PULSE  KINETICS 

Formation  and  Quenching  Kinetics  of  XeCI 
I.  Synthesis  of  XeCl2 

The  kinetics  governing  the  formation  of  XeCI  remain  elusive.  Even 
those  properties  such  as  the  radiative  lifetime  and  the  quenching  rate 

constants  of  the  excited  state,  easily  obtained  by  photolysis  methods 

1  2 
for  XeF  and  with  minor  difficulty  with  KrF,  have  been  unyielding  for 

XeCI.  The  major  reason  for  this  difficulty  with  XeCI  is  that  the  di- 
halide,  XeCI,,,  is  difficult  to  synthesize  in  sufficient  quantity  and 
appears  to  have  poor  stability  at  temperatures  much  above  77°K.  The 
importance  of  XeCl2  rests  on  the  desire  to  photolyze  it  rapidly  pro¬ 
ducing  XeCI  (B). 

hv  +  XeCI 2  - »  XeCI  (B)  +  Cl  (1) 

This  method  is  a  very  straightforward  approach  for  studying  radiative 

lifetime  and  quenching.  It  has  been  used  with  great  success  with  XeF,1 
2  3 

KrF  and  the  mercury  halides,  but  cannot  be  used  for  XeCI  unless  XeCl2 
can  be  synthesized.  Consequently,  work  continues  on  the  synthesis. 

The  first  reports  of  XeCl2  were  made  by  Nelson  and  Pimentel^  who 
passed  Xe : C 1 2  mixtures  through  a  microwave  discharge  and  condensed  the 
gases  on  a  cold  (16°K)  Csl  window.  Absorption  bands  were  seen  in  the 
313  cm"1  region  which  corresponded  with  calculated  absorptions  for  XeCI 
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Several  additional  workers  obtained  substantiating  results.  Howard 
and  Andrews ^  took  another  approach.  They  used  an  argon  ion  laser  to 
photolyze  matrix-isolated  Cl 2  i'n  a  xenon  matrix  producing  XeCl2  which 
they  studied  by  observation  of  the  Raman  spectra.  While  synthesis  was 
possible  with  all  of  the  argon-ion  laser  lines  (501.7,  488.0,  476.5  and 
457.9  nm)  the  best  results  occurred  with  476.5  nm.  Using  this  wave¬ 
length  the  254  cm-1  band  assigned  to  of  XeCl,-,  grew  intense  within 
two  minutes  after  laser  irradiation  and  remained  constant  in  intensity. 

The  longer  wavelengths  took  longer  to  form  XeCl^  and  the  shorter  wave¬ 
lengths  appear  to  destroy  the  molecule  after  a  few  minutes  of  irradia¬ 
tion.  It  is  assumed  that  this  is  due  to  the  fact  that  the  photodisso¬ 
ciation  limit  of  Cl2  is  at  478.5  nm.  Longer  wavelengths  (501.7  and 
488.0)  probably  have  more  difficulty  in  dissociating  Cl2  while  shorter 
wavelengths  (457.9  nm)  probably  impart  so  much  energy  to  the  Cl  frag¬ 
ments  that  the  molecule  does  not  form. 

Based  on  this  existing  information  and  on  our  past  experience  in 
synthesizing  KrF2,  attempts  were  begun  to  synthesize  XeCl2,  vaporize  it 
if  possible,  and  photodissociate  it  to  produce  XeCl  (B).  Initial  attempts 
to  observe  XeCl2  in  the  vapor  phase  by  looking  at  the  far  IR  absorption 
spectrum  could  not  be  carried  out  because  Cl2  gas  quickly  destroyed 
the  transmission  of  KRS-5  windows.  Since  there  was  no  other  infrared 
method  at  our  disposal  for  observation  of  XeCl2  it  was  decided  to  confirm 
the  existence  of  XeCl2  by  photolyzing  the  gas  immediately  above  the  sur¬ 
face  of  a  cold  window. 

Figure  1  shows  the  apparatus  of  the  experiment.  A  cell  with  a  cold 
window  inside  and  two  Suprasil  windows  for  irradiation  and  observation 
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was  mounted  in  a  polystyrene  dewar  and  placed  next  to  a  Febetron  equipped 
with  a  coaxial  diode.  A  very  weak  argon  ion  laser  was  passed  through 
the  coaxial  diode  and  onto  the  cold  window  of  the  cell.  In  operation, 
the  cold  window  was  cooled  to  77°K  and  xenon  was  allowed  to  condense  on 
the  window.  A  few  torr  of  Cl 2  were  then  admitted  to  the  cell  and  the 
argon-ion  laser  was  turned  on.  After  several  minutes  of  irradiation 
the  polystyrene  dewar  was  filled  with  enough  liquid  nitrogen  to  con¬ 
dense  the  Cl 2  and  the  cold  window  was  allowed  to  slowly  warm  up.  While 
this  was  occurring  the  coaxial  diode  was  filled  with  an  Ar/F2  mixture 
and  irradiated  to  produce  short  ArF  (193  nm)  pulses  to  photolyze  the 
XeC^  and  produce  the  308  nm  XeCl  (B-X)  emission.  On  several  runs  a 
weak  signal  was  observed,  but  these  signals  were  obtainable  for  only 
a  short  period  of  time.  This  may  be  because  of  the  rapid  temperature 
rise  which  could  quickly  lead  to  XeC^  destruction;  because  of  the  small 
amount  of  XeCl2  made  due  to  the  low  power  of  the  argon  ion  laser;  or 
because  of  the  rather  low  power  ArF  pulse. 

Because  of  these  difficulties  it  was  decided  to  set  aside  these 
experiments  until  a  higher  power  argon  ion  laser  could  be  used  and  a 
better  method  of  temperature  control  could  be  designed.  It  has  become 
clear  that  synthesis  of  XeCl2  is  far  more  difficult  than  the  synthesis 
of  KrF2. 

II.  Measurement  of  Ground  State  Destruction 

Of  all  the  rare  gas  halide  lasers  only  XeF  and  XeCl  have  bound 
ground  states.  In  XeF  the  binding  is  of  the  order  of  1065  cm-1  while 
in  XeCl  it  is  about  255  cm"*,  ~  KT  at  room  temperature.  The  destruction 
rate  constants  for  the  lowest  vibrational  levels  have  been  determined 
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by  probing  the  absorption  on  several  B-*-X  transitions  with  a  frequency 
doubled  tunable  dye  laser.  The  results  of  these  measurements  show  that 
there  are  considerable  differences  in  the  destruction  rate  constants 
for  the  various  gases  used  in  the  laser,  but  little  or  no  differences 
between  v"  =  0,  1  and  2.  This  leads  to  the  conclusion  that  rapid  equili¬ 
bration  must  be  taking  place  among  the  various  vibrational  levels.  In 
fact,  this  equilibration  is  necessary  to  account  for  the  lack  of  bottle¬ 
necking  in  the  XeCl  laser.  Further  details  of  the  measurements  are  con¬ 
tained  in  the  preprint  of  the  paper  submitted  to  Applied  Physics  Letters 
which  is  included. 

III.  Fluorescence  Measurements 

Spectroscopic  observations  of  the  fluorescent  emission  from  xenon 
chloride  mixtures  can  assist  in  identifying  the  transient  atomic,  ionic 
and  molecular  species  that  take  part  in  formation  of  the  laser  molecule. 
Temporally  resolved,  these  observations  can  be  compared  with  numerical 
model  predictions  and  used  to  test  the  model.  Both  of  these  observations 
have  been  carried  out  with  some  success. 

Vacuum  ultraviolet  observations  on  gas  mixtures  of  interest  for 
XeCl  were  carried  out  by  attaching  a  0.5  meter  Seya-Namiaka  spectrograph 
to  the  coaxial  diode  which  was  mounted  to  the  Febetron  706.  The  gas  cell 
was  separated  from  the  spectrograph  by  a  Bondelid  valve  with  a  Li F  win¬ 
dow  inserted  in  its  gate.  This  allowed  the  Li F  window  to  be  easily 
removed  and  the  spectrograph  to  be  filled  with  He  to  the  same  pressure 
as  the  gas  cell  for  operation  below  the  105  nm  Li F  cutoff. 

Since  many  key  species  in  the  kinetics  scheme  radiate  in  the  vacuum 
ultraviolet  (Neg*  @  80-100  nm,  NeF  @  108  nm,  NeCl  @  <  100  nm,  NeXe+ 


120-160  nm,  @  155,  etc.),  it  was  thought  that  perhaps  the  entire 
kinetics  chain  could  be  studied  by  carefully  monitoring  the  emission  of 
the  various  species  as  a  function  of  time  and  gas  mixture.  Since  neon 
was  the  major  gas  component  in  the  XeCl  laser  and  the  primary  receiver 
of  the  electron  beam  energy,  it  was  studied  first.  With  a  helium  back¬ 
filled  spectrograph  it  was  relatively  easy  to  resolve  the  Ne^*  continuum 
at  85-100  nm  and  to  see  Ne+  ion  lines  in  the  120-180  nm  region.  Addi¬ 
tion  of  a  few  torr  of  Xe,  however,  eliminated  all  emission  from  Ne2* 
probably  because  of  photoionization  of  Xe.  A  small  reduction  in  the 
Ne+  lines  was  noted  also.  When  pressures  of  Xe  were  increased  from  10- 
100  torr  the  147  nm  resonance  line  from  Xe  grew  very  intense  and  at 
very  high  (500  torr)  Xe  pressures  the  Xe2*  continuum  at  172  nm  appeared. 
No  radiation  was  observed  that  could  be  attributed  to  NeXe+  nor  were 
any  substantial  changes  observed  when  either  a  fluorine  or  chlorine 
donor  was  added  to  the  mixture.  No  emission  attributable  to  NeF*  or 
NeCl*  could  be  observed. 

Consequently,  no  evidence  contrary  to  the  predictions  of  the  model 
was  found,  however,  emission  from  the  rare  gas  molecular  ion  (NeXe+) 
or  from  the  neon  halide  may  have  been  absorbed  by  other  species  or  not 
produced  in  sufficient  quantity  to  be  observable.  It  is  now  believed 
that  stronger  excitation  would  be  produced  using  the  commercially  made 
axial  Febetron  e-beam  tube  rather  than  the  coaxial  diode.  It  may  be 
advantageous  to  use  this  source  to  look  for  the  existence  of  NeXe+  and 
NeCl*. 
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FI uorescence  Parameter  Stud. 


Using  the  Febetron  e-beam  tube  and  a  small  gas  cell  equipped  with 
Suprasil  windows,  the  308  nm  fluorescence  from  XeCl  was  studied  as  a 
function  of  component  gas  mixture.  These  studies  were  expected  to  pro¬ 
duce  clear  results  of  the  formation  kinetics  without  the  additional 
complications  of  laser  optics  and  to  serve  as  a  test  of  the  numerical 
model . 

Using  a  308  nm  band  pass  filter  and  a  photomultiplier,  time  resolved 
fluorescence  curves  were  recorded  for  numerous  gas  mixtures.  Figure  2 
shows  the  change  in  fluorescence  pulse  shape  as  a  function  of  HC1  pres¬ 
sure.  The  pulse  appears  to  resolve  two  formation  processes  which  the 
model  suggests  are  an  ionic  channel  predominant  at  high  (1.0  torr)  HC1 
pressures  and  a  metastable  formation  channel  which  dominates  at  low 
HC1  pressures.  Figure  3  shows  that  the  energy  transfer  from  Ne+  to 
Xe+  is  speeded  up  as  xenon  pressure  is  increased.  Figure  4  shows  the 
effect  of  Ne  pressure  on  fluorescence.  These  curves  are  not  as  well 
explained,  but  real  data  such  as  this  serves  as  a  test  of  the  numerical 
model.  Further  implications  of  this  data  and  its  relation  to  the  model 
will  be  discussed  later  under  the  model  performance. 

XeF  C  State  Quenching 

The  lifetime  of  the  C  state  had  been  measured  previously  by  a 
low-pressure  electron  impact  dissociation  technique.  The  C  state  quen¬ 
ching  was  not  measured,  but  has  become  increasingly  important  both  for 
XeF  (8)  state  kinetics  and  for  predicting  the  behavior  of  the  XeF  (OA) 
blue-green  laser.  The  measurements,  using  a  photolysis  of  the  dihalide 


XeF^t  reconfirm  the  lifetime  of  XeF  (C),  95+7  ns,  and  the  quenching 
rate  constant  of  XeF^.  A  summary  of  the  data  is  given  in  the  included 
preprint  of  the  paper  submitted  to  Applied  Physics  Letters. 
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Figure  1.  Schematic  diagram  of  the  experimental  apparatus.  The  gas  cell 
contained  Ne/Xe/HCl  gas  mixtures  typical  of  those  used  in 
e-beam  pumped  XeCl  lasers. 
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Figure  2.  Time  resolved  fluorescence  intensity  from  XeCl  (B)  as  a 
function  of  HC1  concentration. 
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Figure  3.  Time  resolved  fluorescence  intensity  from  XeCI  (B)  as  a 
function  of  xenon  concentration. 
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Figure  4. 


Time  resolved  fluorescence  intensity  from  XeCI  (B)  as  a 
function  of  neon  concentration. 
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DESTRUCTION  OF  GROUND  STATE  XeCl 
MOLECULES  BY  HC1  AND  RARE  GAS  COLLISIONS* 

R.  W.  Waynant  and  0.  G.  Edena 

Naval  Research  Laboratory 
Washington,  D.  C.  20375 

ABSTRACT 

Rate  constants  for  quenching  of  several  XeCl  (X)  vibrational 
levels  by  the  rare  gases  and  HC1  have  been  measured.  The  temporally 
resolved  decay  of  the  population  densities  of  the  XeCl  (X,  v"  =  0-2) 
levels  was  monitored  using  a  frequency  doubled,  tunable  dye  laser. 

Within  experimental  error,  the  measured  rate  constants  did  not  vary 
with  vibrational  number  and  the  temperature  dependence  of  the  rates  over 
the  range  300°K  £  T  £  375°K  was  found  to  be  consistent  with  the  previously 
measured  XeCl  (X)  dissociation  energy  (~  250  cm-1).  The  rate  constants 
for  the  destruction  of  XeCl  (X,  v"  =  0)  state  molecules  by  HC1 ,  Xe,  Ar 
and  Ne  at  300°K  were  determined  to  be  (2.2  +  0.5)  x  10"1*,  (5.6  +  0.8)  x 
10  (0.6  +  0.06)  x  10  ^  and  (1.0  +  0.15)  x  10  ^cm^-sec  respectively. 
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Several  important  rare  gas  halide  molecules,  XeF,  XeCl  and  perhaps 
XeBr1,  have  bound  ground  states.  Consequently,  the  collisional  destruction 
and  dissociation  rates  for  the  ground  state  vibrational  levels  of  these 

molecules  are  significant  factors  in  determining  laser  performance. 

2  3 

Fulghum  and  co-workers  previously  have  studied  *  the  collisional  decay 
rates  for  low-lying  vibrational  levels  of  the  XeF  (X)  state  and  have 
concluded^  that  VT  processes  rapidly  equilibrate  the  X  state  vibrational 
manifold,  and  that  the  various  vibrational  levels  decay  at  a  common  rate 
with  dissociation  primarily  occurring  from  the  highest  v"  levels. 

From  an  analysis  of  the  XeCl  emission  spectrum,  Tellinghuisen  et.  al. 

4  .  i 

determined  the  XeCl  (X)  dissociation  energy  to  be  ~  255  cm  .  Their 

studies  indicated  that  twelve  vibrational  levels  lie  within  the  X  state 

potential  well.  Further  verification  of  the  bound  nature  of  the  XeCl  (X) 

state  has  been  provided  by  Shostak  and  Strong*  who,  in  recent  photolysis 

experiments,  observed  transient  UV  absorption  spectra  corresponding  to  the 

XeCl  X  ■*  B  Umax  ~  308  nm)  and  X  -*■  D  (236  nm)  bands. 

Rate  constants  for  collisional  quenching  of  the  XeCl  (X,  v"  =  0-2) 
levels  by  HC1  and  the  rare  gases  have  been  measured  and  are  reported  here. 
These  rates  were  determined  by  monitoring  the  exponential  time  decay  of 
the  population  of  the  desired  ground  state  vibrational  level  in  the  presence 
of  a  background  gas  mixture.  In  agreement  with  the  results  of  Fulghum^, 
the  rate  constants  measured  in  this  work,  within  experimental  error,  were 
not  found  to  depend  on  vibrational  number.  Also,  the  temperature  dependence 
of  the  decay  rates  was  examined  and  found  to  be  consistent  with  200  <  Dg 
[XeCl  (X)]  <  300  cm'1. 

Figure  1  is  a  simplified  energy  level  diagram  for  XeCl  indicating  the 
vibrational  transitions  studied.  Temporal  resolution  of  the  density  of  a 


13 


particular  v"  level  was  obtained  by  observing  the  absorption  of  dye 
laser  radiation  on  the  (1-0),  (0-2),  and  (2-1)  transitions  of  the  XeCl 
(B  -*•  X)  band.  The  wavelengths  for  these  transitions  are  305.9,  308.2 
and  304.4  nm,  respectively. 

Ttie  experimental  apparatus  used  for  these  studies  is  shown  schematically 
in  Fig.  2.  A  frequency  doubled  dye  laser,  which  could  be  tuned  from 
280  to  -  320  nm,  was  used  as  the  optical  pump.  The  output  of  the  laser 
had  a  pulse  duration  of  ~  1  ps  FWHM.  The  pulse  contained  approximately 
1  mJ  of  energy  and  had  a  spectral  linewidth  of  ~  0.1  nm.  After  the 
beam  was  filtered  to  eliminate  the  fundamental  frequency,  it  was  split 
into  two  beams,  one  of  which  was  passed  through  a  stainless  steel  cell 
mounted  on  a  Febetron  706  electron  beam  generator.  From  the  vibrational 

4 

level  assignments  of  Tell inghui sen  ,  the  dye  laser  wavelength  was  set 
to  the  desired  vibronic  transition  of  the  X  -*■  B  band  using  a  0.5  m  Minuteman 
monochromator.  Both  the  laser  pulse  transmitted  through  the  gas  cell  and 
the  reference  signal  were  detected  by  photomultipliers  and  displayed  on 
a  dual -beam  oscilloscope.  To  equalize  their  amplitude  response  and  to 
suppress  fluorescence  from  the  e-beam  cell,  calibrated  quartz  neutral 
density  filters  were  placed  in  front  of  the  photomultipliers. 

Data  were  taken  with  Ne/Xe/HCl  (400:10:1)  gas  mixtures  in  the  gas 
cell  that  are  typical  of  those  used  in  e-beam  pumped  XeCl  lasers.  The 
use  of  Cl g  for  these  experiments  was  undesirable  due  to -its  broadband  absorp¬ 
tion  in  the  300  nm  spectral  region.  Research  grade  purity  rare  gases  were 
used  for  these  experiments  and  the  HC1  purity  was  better  than  99%  (technical 
grade).  All  of  the  gases  were  used  without  further  purification. 

Roughly  100  ns  after  the  start  of  the  dye  laser  pulse,  an  intense 

O 

(~  1  kA-cm  )  **  3  ns  FWHM  electron  beam  from  the  Febetron  706  entered  the 
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gas  cell,  creating  XeCl  (B)  state  molecules.  The  subsequent  radiative 
decay  of  the  XeCl*  molecules  populated  several  vibrational  levels  of 
the  ground  state  which,  in  turn,  were  eventually  destroyed  through  colli¬ 
sions  with  the  background  gas. 

An  oscillogram  illustrating  absorption  by  the  XeCl  (X,  v"  =  0)  state 
in  e-beam  excited  98.6%  Ne/1.2%  Xe/0.2%  HC1  (Pjqj^l  ~  Torr)  gas 
mixtures  is  shown  in  Fig.  3.  Following  the  excitation  of  the  gas  mixture, 
spontaneous  emission  lasting  ~  100  ns  was  observed  followed  by  strong 
absorption  which  persisted  for  ~  300  ns.  This  absorption  was  observed 
only  when  both  Xe  and  HC1  were  present  in  the  Ne  gas. 

Oscillograms  similar  to  Fig.  3  were  recorded  for  various  Ne/Xe/HCl 
gas  mixtures  (varying  one  constituent  of  the  mixture  while  keeping  the 
other  two  constant)  and  for  the  three  X  -*■  B  vibronic  transitions  mentioned 
earlier.  For  all  of  the  gas  mixtures  studied,  the  time  dependence  of  the 
ground  state  absorption  (~  In  I/I  where  I  and  I  are  the  transmitted 
and  incident  signal  intensities,  respectively)  showed  that  the  population 
of  the  X  state  vibrational  level  under  study  decayed  exponentially  over 
several  time  constants.  Previous  studies  of  the  emission  from  Febetron 
excited  Ne/Xe/HCl  gas  mixtures  had  shown  that  the  XeCl  (B  X)  fluorescence 
terminated  10-200  ns  after  the  initiation  of  the  e-beam  pulse.  Therefore, 
the  extraction  of  exponential  decay  constants  from  the  absorption  data 
was  performed  300-600  ns  into  the  afterglow  of  the  plasma. 

Figure  4  shows  the  dependence  of  the  exponential  absorption  decay 

constant  (t-1)  on  the  partial  pressure  of  HC1.  The  1-0  transition  was 

probed  by  the  dye  laser  and  so  the  data  reflect  the  decay  of  the  XeCl 

(X,  v"  =  0)  state.  The  linear  least-squares  fit  to  the  data  is  represented 

by  the  solid  line.  From  the  slope  of  this  line,  the  rate  constant  for 

quenching  of  the  v"  *  0  level  by  HC1  was  determined  to  be  (2.2  +  0.5)  x  10-11 
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The  uncertainty  given  represents  the  standard  deviation  of  the  data  about 

the  least  square  linear  fit.  Table  I  summarizes  the  rate  constants  for 

quenching  of  several  X  state  vibrational  levels  that  were  measured  in 

these  experiments.  No  dependence  of  the  Ne  quenching  rate  constants  on 

the  vibrational  level  (v")  probed  was  observed.  This  is  in  agreement 

3 

with  previous  work  on  XeF. 

The  rate  constants  presented  here  differ  widely  for  the  various 

quenching  gases  investigated.  This  represents  a  departure  from  the 

3 

results  of  Fulghum  and  co-workers.  In  their  studies  of  collisional 
equilibration  in  the  XeF  ground  state,  the  decay  rates  for  the  v"  =  1 
level  using  He  and  Ne  buffers  were  found  to  be  the  same  to  within  experi¬ 
mental  error.  This  discrepancy  could  be  due  to  the  rather  similar  collisional 
cross  sections  for  He  and  Ne  which  wofild  have  hidden  the  differences  in 
the  XeF  experiment.  The  larger  rate  constants  observed  here  are  for  Xe 
and  HC1  which  would  have  larger  collisional  cross  sections.  An  alternative 
explanation  could  be  that  dissociation  from  all  v"  levels  is  more  important 
for  XeCl,  which  has  a  low  binding  energy  (~  kT  or  255  cm"1),  than  it  is 
for  the  low-lying  levels  of  XeF  (X), 

The  temperature  dependence  of  the  rate  constants  in  Table  I  was 
also  investigated  by  heating  the  e-beam  gas  cell.  Heating  tape  was 
wrapped  around  the  cell  and  a  chrome! -a lumel  thermocouple  was  positioned 
inside  the  cell  immediately  adjacent  to  the  path  of  the  probe  laser. 

With  this  arrangement,  temperatures  in  the  range  300  to  375°K  could  be 
studied.  As  the  cell  temperature  was  elevated,  the  rate  constants  were 
found  to  obey  the  relationship  kq  ~  e~AE/^  gas  where  200  cm”1  <_  AE  * 

0Q  (X)  <  300  cm’1  which  is  consistent  with  the  ground  state  dissociation 

4 

energy  reported  by  Tellinghuisen.  Also,  for  temperatures  in  excess  of 


S 
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-  350°K,  the  XeCl  fluorescence  and,  hence,  the  ground  state  absorption 
decreased  dramatically  which  could  be  due  to  reaction  of  HC1  with  the  cell 

walls. 

In  summary,  the  rate  constants  for  quenching  of  the  v"  =  0-2  levels 
of  the- XeCl  ground  state  by  HC1  and  the  rare  gases  have  been  measured. 
Within  the  experimental  error,  the  rate  constants  did  not  depend  on 
v"  and  the  temperature  dependence  of  the  rates  over  the  range  T  =  300-375°K 
was  found  to  be  consistent  with  the  X  state  dissociation  energy  measured 
previously.  Knowledge  of  the  XeCl  (X)  quenching  rate  constants  reported 
here  are  useful  for  modeling  of  quasi-steady  state  (>  0.5  ys  pulse  length) 
XeCl  lasers. 

The  authors  gratefully  acknowledge  the  partial  financial  support 
of  DARPA,  discussions  with  N.  Djeu  and  C.  H.  Fisher  and  the  technical 
assistance  of  D.  Epp  and  K.  Tayman, 
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igure  3.  Oscillogram  of  XeCl  (X)  absorption  in  an  e-beam  excited  98.6% 
Ne/1.2%  Xe/0.2%  HC1  (PtOTA,  -  800  torr)  gas  mixture.  The 
transitions  probed  is  tKO-O  line  (305.9  nm)  and  both  the 
transmitted  (a)  and  incident  (b)  laser  signals  are  shown 
The  initial  surge  in  the  signal  transmitted  by  the  gas  cell 
is  due  to  XeCl  (B+X)  fluorescence.  Scales  are  100  ns/div;  10 


HCI  PRESSURE  (Torr) 

Figure  4.  Dependence  of  the  exponential  absorption  decay  constant 

(t  on  the  partial  pressure  of  HCI  in  Ne/Xe/HCl  gas  mix¬ 
tures.  The  graph  reflects  the  decay  of  the  v"  =  0  level 
of  the  X  ground  state  and  the  two  error  bars  shown  are  rep¬ 
resentative  of  the  uncertainty  (standard  deviation  =  +  1.7 
x  105  sec"1  torr"1)  in  the  data. 


XeF  (C)  STATE  1.1  FLUME  AND  QUENCHING 
BY  RARE  GASES  AND  FLUORINE  DONORS 

R.  W.  Waynant 
Naval  Research  Laboratory 
Washington,  D.  C.  20375 

ABSTRACT 

The  lifetime  and  quenching  rate  constants  for  the  XeF  (C)  state 
have  been  measured  when  that  state  is  produced  by  flash  photolysis  of 
XeF^  in  the  presence  of  such  quenching  gases  as  He,  Ne,  N^,  Xe,  Ar,  XeF2, 
NF^  and  F^.  The  lifetime  measured  in  this  manner  is  95+7  ns  and  the 
quenching  rate  constants  are  1.2  x  10"*3,  3  x  10”*3,  4  x  10”*3,  1  x  10”*2, 
9  x  10-1^,  1.7  x  10”*°,  1.6  x  10"**,  8  x  10"**  cm3  •  sec”*,  respectively. 
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The  kinetics  of  the  C  state  of  the  XeF  molecule  are  of  interest 

both  because  of  its  close  proximity  to  the  B  state  previously  made  to 

1  .2-5 

lase  and  because  of  recent  observations  of  laser  action  on  the  C-A 

transition  in  the  480-490  nm  region.  Previous  measurements8  of  the  XeF  (C) 

state  radiative  lifetime  and  the  quenching  by  XeF^  were  made  by  electron 

impact  dissociation  of  XeF2.  This  work  re-examines  the  lifetime  of  XeF  (C) 

and  measures  the  quenching  of  the  C  state  by  numerous  gases  by  the  method 

of  photodissociating  XeF2  in  the  presence  of  itself  and  quenching  gases. 

The  results  reconfirm  previous  measurements  of  the  XeF  (C)  state  lifetime 

and  quenching  rate  constant  indicating  little  effect  from  electrons  in  the 

previous  measurements. 

These  measurements  o(f  lifetime  and  quenching  of  XeF  (C)  were  made 
using  the  photolysis  system  shown  in  Fig.  1.  This  apparatus  was  very 
similar  to  the  previous  system  used  to  measure  lifetimes  and  quenching 
rate  constants  for  XeF  (B)7’8  and  KrF  (B)9,10.  By  increasing  the  x-ray 
shielding  which  isolates  the  electron  beam  and  gas  cell  from  the  detector, 
it  was  possible  to  operate  on  a  sufficiently  sensitive  scale  that  the 
450-550  nm  photons  from  XeF  (C)  state  decay  could  be  recorded  reliably. 

In  operation  the  Febetron  706  produced  a  ~  3  ns  FWHM  pulse  of  600  keV 
electrons  which  passed  through  the  foil  of  the  Hewlett  Packard  type  5515 
e-beam  tube.  When  these  electrons  passed  into  the  gas  cell  containing 
2000  Torr  Ar  and  20  Torr  Cl2,  short  ArCl  pulses  (175  nm)  were  produced  which, 
as  previously  seen,^8  dissociated  XeF2  very  rapidly  into  XeF  (B), 

XeF  (C),  etc.  The  450-550  nm  photons  from  the  XeF  (OA)  decay  were  allowed 
to  pass  through  a  bandpass  filter  onto  the  photocathode  of  an  F  4018  photo¬ 
diode  while-the  stronger  XeF  (B-X)  ultraviolet  emission  was  rejected.  The 
photodiode  signal  was  recorded  by  photographing  the  display  of  the  fast 
Tektronix  7904  oscilloscope. 
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To  measure  the  XeF  (C)  state  radiative  lifetime  and  quenching  rate 
constant,  the  XeF^  pressure  was  varied  from  ~  0.1  Torr  to  2  Torr.  The 
oscillograms  were  manually  digitized,  plotted  on  a  semi-log  scale  to 
determine  the  decay  time,  t,  and  the  decay  rates  (t-*)  were  plotted  versus 
pressure.  Since  the  measured  decay  rate  is  given  by 

t'1  =  r~l  +  Kq  [XeF2]  (1) 

where  t  *  is  the  radiative  lifetime,  Kg  is  the  quenching  rate  constant 

_  O 

and  [  ]  denote  particle  densities  (cm  ),  the  graph  slope  is  Kg  and 
the  zero  pressure  intercept  is  the  radiative  lifetime.  From  Fig.  2  the 
quenching  rate  constant.  Kg,  is  (1.7  +  0.1)  x  10"10  cm3  •  sec-1  and  the 
XeF  (C)  state  lifetime  i s  95  +_  7  ns.  Within  experimental  error  these 
numbers  agree  very  well  with  the  93  +  5  ns  lifetime  and  (1.8  +  0.5)  x  10”10  cm3 
sec  *  quenching  rate  constant  determined  previously  by  electron  impact  dis¬ 
sociation  of  XeF^.  This  would  confirm  the  assumption  that  electron  quenching 
of  the  XeF  (C)  state  was  very  small  in  the  previous  experiment^  and  that 
electron  mixing  of  the  B  and  C  states  also  was  not  important  in  that  experi¬ 
ment  since  it  did  not  result  in  a  significantly  faster  decay  from  XeF  (C). 

These  numbers  are  in  reasonable  agreement  with  those  of  Black  et.  al. 

(100  10  ns,  5  x  10  ^  cm  •  sec  ^)  who  studied  XeF  (C)  by  photodissociation 

of  XeF^  with  synchrotron  radiation. 

In  the  above  analysis,  it  is  necessary  that  the  dissociation  of  XeF2 
into  XeF*  and  F  be  a  small  percentage  of  the  total  gas  such  that  quenching, 
etc.  by  dissociation  products  is  small.  Further,  when  other  quenching  gases 
are  added,  such  that 

t"1  ■  [XeF2J  +  Kg  [Q]  (2) 
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then  [XeF^]  must  be  kept  small  enough  that  K^p 

to  Kp  [Q]. 


2 


[XeF^]  is  small  compared 


Measurement  of  the  quenching  of  gases  likely  to  be  used  in  XeF  (C-A) 
lasers  was  carried  out  using  a  fixed  pressure  of  XeF2  of  0.1-0, 5  Torr. 

Data  was  recorded  and  analyzed  in  a  manner  similar  to  the  quenching 

analysis  of  XeF^  above.  A  summary  of  the  rate  constants  determined  for 

7  8 

the  XeF  C  state  as  well  as  those  previously  determined  for  the  B  state  * 
are  given  in  Table  I. 

Studies  of  XeF  C  state  quenching  have  been  carried  out  both  by  Black 
11  12  13 

et.  al.  *  and  by  Brashears  and  Setser.  Black  et,  al .  give  rate  constants 

only  for  (2.5  x  10-1^  cm3  •  sec-*)  and  Ar  (7  x  10-*5  cm3  •  sec-*),  but 

these  values  are  significantly  lower  than  determined  here.  While  full 

details  of  that  experiment  are  not  yet  available,  a  possible  explanation 

is  that  additional  quenching  may  take  place  due  to  photolysis  products  at  low 

quenching  gas  pressures.  This  would  lead  to  a  more  flat  rate  versus 

13 

pressure  curve  and  a  lower  rate  constant.  Brashears  and  Setser  have 
studied  B  and  C  state  quenching  and  B-C  energy  transfer  using  a  steady 
state  technique.  Comparison  with  their  results  is  difficult  because  they 
used  a  C  state  lifetime  of  150  ns  in  their  calculations  and  give  results 
in  terms  of  the  transfer  rate  constant.  However,  their  results  for  B 
state  quenching  agree  well  with  those  of  Table  I  and  their  implied  C 
state  quenching  rate  constant  for  He  (<  2  x  10"*3  cm3  •  sec-*)  agrees 
with  the  value  determined  here. 

The  uncertainty  expressed  in  the  C  state  quenching  rate  constants 
is  the  standard  deviation  of  the  data  about  the  linear  least  sqaures 
fit.  In  the  case  of  xenon  the  data  appeared  to  show  a  slight  quadratic 
dependence,  but  a  quadratic  least  sqaures  fit  over  the  pressures  used 
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(700  Torr  max)  resulted  in  greater  uncertainty  about  the  fitted  line 
than  the  linear  fit. 

In  summary,  the  radiative  lifetime  of  XeF  (C)  was  determined  by 
a  photolysis  experiment  and  found  to  agree  very  well  with  a  previous 
measurement  using  electron  impact  dissociation.  Quenching  rate  constants 
for  XeF  (C)  have  been  presented  for  gases  likely  to  be  used  in  the  XeF 
C  state  laser. 

The  author  appreciates  discussions  of  this  problem  with  L.  J.  Palumbo. 
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TABLE  Ia 


XeF  CB)7,8 

XeF  (C) 

He 

(4,07  +  1.46)  x  1Q“13 

(1.2  +  0.2)  x  10"13 

Ne 

(7.68  +  1,6)  x  IQ"13 

(3  +  0.1)  x  10‘13 

Ar 

(4.92  +  1.56)  x  10~12 

(9  +  0.1)  x  10-14 

Xe 

(3.27  +  0.74)  x  10“U 

(1  +  0.5)  x  10‘12 

F2 

(3,80  +  0.13)  x  10'10 

(8  +  0.2)  x  10-11 

NF3 

(2.8  +  0.15)  x  IQ"11 

(1.6  +  0.2)  x  10“U 

XeF2 

(2.56  +  0.32)  x  10"10 

(1.7  +  0.1)  x  10“10 

n2 

(4  +  0.4)  x  10“13 

a  O 

All  units:  cm  •  sec 
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DECAY  RATE  (*107  sec' 


PRESSURE  OF  XeF2  (Torr) 

Figure  2.  Plot  of  XeF  (C)  fluorescent  decay  rate  as  a  function  of 
XeF2  pressure.  The  zero  pressure  intercept  gives  the 
radiative  lifetime  and  the  slope  gives  the  rate  constant. 


32 


LONG  PULSE  KINETICS 

Formation  and  quenching  processes  for  the  XeCl  (B-*-X)  state  and 
the  XeF  (B-+X)  state  were  investigated.  The  long-pulse  kinetics  cell 
used  in  these  experiments  permits  observation  of  fluorescence  intensi¬ 
ties  and  information  about  formation  efficiency  to  be  obtained  under 
conditions  which  closely  approximate  actual  laser  pumping  conditions. 

The  role  of  the  (C->-A)  state  in  both  the  XeCl  and  XeF  laser  system  is 
also  discussed.  Of  significance  we  find  that  if  the  B  and  C  states 
of  the  XeCl  laser  are  closely  coupled  then  the  ultimate  efficiency  of 
the  XeCl  laser  could  approach  17  +  4%. 

Kinetics  of  the  XeCl  (B-Q()  Laser 

Formation  and  quenching  processes  of  the  XeCl  (B)  state  have  been 
investigated.  Mixtures  of  Ne/Xe/HCl  have  been  irradiated  by  an  electron 
beam  of  0.6  psec  duration.  The  results  indicate  that  the  formation 
efficiency  of  the  XeCl  (B)  and  (C)  states  are  14  +  3 %  and  3  +_  1%,  res¬ 
pectively.  If  these  states  are  closely  coupled,  the  ultimate  efficiency 

of  the  XeCl  (B-+X)  laser  is  17  +4%.  Two-body  quenching  by  neon  is  the 

2 

major  loss  process.  At  a  pumping  current  of  7  A/cm  ,  electron  mixing 
of  the  B  and  C  states  is  negligible;  however,  electron  quenching  may  be 
present,  and  at  most  a  20%  effect. 
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The  XeCl  laser  has  only  recently  been  developed  to  high  efficiency 
and  output  power.  Initially  the  laser  was  operated  with  argon  as  the 
diluent  and  chlorine  as  the  halogen  donor*  but  absorption  in  the  medium 

p 

prevented  efficient  operation  just  as  in  the  case  of  the  XeF  laser. 

The  use  of  neon  as  the  diluent  and  HC1  as  the  donor  has  significantly 

reduced  the  absorption  at  the  laser  wavelength,  308  nm,  such  that  the 

3 

power  efficiency  of  the  laser  has  climbed  to  6.5%.  To  determine  the 
ultimate  efficiency  and  performance  of  the  laser,  one  requires  a  detailed 
knowledge  of  the  laser  kinetics.  In  this  paper  we  report  the  results 
of  our  investigations  of  the  formation  and  quenching  kinetics  of  the 
XeCl  laser. 

4 

The  apparatus  has  been  described  previously  as  has  our  experimental 

5 

method;  therefore,  we  will  not  discuss  them.  We  have  added  a  focusing 

o 

electrode  which  increases  the  peak  current  density  into  the  gas  to  7  A/cm 

and  shortens  the  pulse  length  to  0.6  usee. 

The  experiments  consist  of  measuring  the  emission  intensity  of  XeCl 

(B+X)  and  (C+A)  transitions,  at  308  and  340  nm  respectively,  from  the 

electron  beam  excited  Ne/Xe/HCl  mixtures.®  The  intensities  were  studied 

2 

as  a  function  of  pumping  current  density  (2  to  7  A/cm  ),  neon  pressure 
(0.5  to  5  atm),  xenon  pressure  (1  to  180  torr)  and  HC1  pressure  (1  to  40 
torr).  In  each  case,  except  for  the  parameter  being  varied,  the  data  were 
taken  under  conditions  which  gave  optimized  laser  performance,  namely, 

4  atm  Ne/30  torr  Xe/2  torr  HC1  at  7  A/cm^. 

The  purpose  of  these  experiments  is  threefold.  First,  to  obtain 
the  apparent  rate  constants  for  quenching  of  the  XeCl  (B)  state  by 
species  in  the  laser  mixture.  Second,  to  measure  the  formation  efficiency 
of  the  XeCl  (B)  and  (C)  states.  Third,  to  estimate  the  apparent  rate 
constants  for  quenching  and  mixing  by  electrons.  All  of  these  quantities 
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are  important  in  characterizi ng  the  laser.  Furthermore,  these  quanti¬ 
ties  can  vary  under  different  pumping  conditions  or  mixtures.  In  other 
words,  they  are  more  like  bulk  properties  of  the  mixture  than  specific 
properties  of  atoms  or  molecules.  Therefore,  to  obtain  an  accurate 
assessment  of  the  XeCl  laser  kinetics  we  must  reproduce  as  closely  as 
possible  the  optimum  operating  conditions  of  the  laser  which  are  stated 
above. 

The  apparent  quenching  rate  constants  were  obtained  by  varying 
the  species  concentration  and  measuring  the  fluorescence  intensity  of 
the  B  state.  For  Xe  and  HC1 ,  the  rate  constants  were  determi led  by 
plotting  the  data  as  a  Stern-Volmer  plot,  that  is,  with  IQ/I  versus 
quencher  concentration.  The  slope  of  the  plot  is  equal  to  the  product 
k  xeff  where  rgff  is  the  effective  lifetime.7  For  the  neon  constant 
the  procedure  is  more  complicated  because  the  energy  deposited  varies 
with  neon  pressure.  To  account  for  this  we  must  divide  the  data  by 
the  neon  pressure.  In  Fig.  1  the  XeCl  (B+X)  and  (C^-A)  fluorescence  data 
is  given  as  a  function  of  neon  pressure.  By  dividing  the  data  by  the 
neon  pressure  and  plotting  its  inverse,  we  obtain  a  Stern-Volmer  plot 
as  shown  in  Fig.  2.  The  slope  of  the  (B->-X)  data  in  Fig.  2  is  the 
product  k  te^.  As  we  shall  see  later  the  neon  data  in  Fig.  2  can  be 
used  to  determine  the  formation  efficiency. 

The  apparent  quenching  rate  constants  are  important  because  they 
give  insight  into  the  kinetics  of  the  plasma,  rf  an  apparent  rate 
constant  differs  substantially  from  the  true  rate  constant,  it  means 
that  the  species  has  an  important  additional  effect  in  the  laser  plasma 
which  must  be  understood.  For  example,  if  the  apparent  rate  constant 
is  higher  it  implies  that  interception  is  present.  In  Table  I,  the. 


apparent  rate  constants  for  quenching  the  XeCl  (B)  state  are  given 

based  on  a  radiative  lifetime  of  11  nsec  calculated  by  Dunning  and  Hay.^ 

Our  data  indicate  that  there  is  little  or  no  interception  due  to  Ne 

and  Xe  but  interception  by  HC1  may  be  present.  The  neon  rate  constant 

-13  3 

is  in  good  agreement  with  the  B-C  mixing  rate  constant  of  8  x  10  cm  /sec 

8  - 

as  reported  by  Brashears  et.  al.  The  xenon  rate  constant  is  larger 

9  -113 

than  the  value  reported  by  Fisher  et,  al.  of  1  x  10  cm  /sec,  however 
the  apparent  quenching  due  to  xenon  is  small.  On  the  other  hand,  quenching 

q 

by  HC1  is  significant  so  that  the  disagreement  with  Fisher's  value 
-10  3 

of  8  x  10  cm  /sec  may  be  due  to  interception.  However,  our  Stern-Volmer 
plot  of  the  HC1  data  is  not  linear  (possibly  due  to  depletion  of  HC1 ) 
so  that  it  is  difficult  to  estimate  the  amount  of  interception  in  the 
optimum  laser  mixture. 

The  formation  efficiency  is  obtained  by  measuring  the  fluorescence 

efficiency  over  a  wide  neon  pressure  range  and  extrapolating  to  zero 

pressure.  The  best  way  to  analyze  the  data  is  in  terms  of  the  fluorescence 

yield  which  is  defined  here  as  the  number  of  photons  emitted  from  a  state 

divided  by  the  number  of  neon  excitations  (Ne+  and  Ne*)  produced  by  the 

electron  beam.^  The  fluorescence  yield  is  obtained  by  dividing  the 

emission  intensity  by  the  neon  pressure. 

To  obtain  absolute  fluorescence  yields,  we  have  calibrated  the  XeCl* 

emission  against  the  Ng  second  positive  (C+B)  band  emission  from  Ar  +  5% 

N^  mixtures  excited  in  the  same  apparatus.  The  fluorescence  yield  for 

the  Ar-N2  system  has  been  determined  in  previous  studies^  to  be  0.176/P 

per  argon  excitation  formed,  where  P  is  the  argon  pressure  in  atm.  At 

2 

4  atm  Ne/30  torr  Xe/2  torr  HC1  and  7  A/ cm  ,  the  fluorescence  yield  is 
0.71  for  the  (B-X)  system  and  0,23  for  the  (C-A)  system;  or  expressed  in 
terms  of  fluorescence  energy  efficiency,  10%  and  3%  respectively. 
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The  formation  efficiency  is  obtained  by  plotting  the  inverse  of 
the  fluorescence  yields  and  extrapolating  to  zero  pressure  as  shown 
in  Fig.  2.  In  the  limit  of  zero  neon  pressure,  the  fluorescence  yield 
approaches  1.0  +_  0.2  for  B+X  and  0.25  ;+  0.08  for  OA,  which  corresponds 
to  formation  efficiencies  of  14  +  3%  and  3  +  1%,  respectively.  If  the 
B  and  C  states  are  coupled  so  that  all  the  excitation  in  the  C  state 
can  be  extracted,  the  ultimate  laser  efficiency  islT^  4%.  Although 
the  B  to  C  formation  ratio  is  four  to  one,  the  B  to  C  steady  state  popu¬ 
lation  ratio  is  much  less  because  the  C  state  does  not  decay  rapidly 
and  its  population  builds  up. 

The  extent  of  electron  mixing  in  the  optimum  laser  mixtures  was 

estimated  by  measuring  the  B  and  C  state  emission  ratio  as  a  function 

of  the  steady  state  electron  density.  The  electron  density  was  changed 

2 

by  varying  the  pumping  current  from  2  to  7  A/cm  which  increases  steady 
state  electron  density  by  a  factor  of  about  three  according  to  our  XeCl 
model  calculations.  Over  this  pumping  regime,  the  observed  (B^X)  to  (OA) 
fluorescence  ratio  increased  only  slightly,  from  4.3  to  4.9.  The  small 
change  in  the  ratio  implies  ei ther  that  the  B  and  C  states  are  already 
well  mixed  by  electron  collisions  or_  that  electron  collisions  are  not  the 
dominant  mixing  process  even  at  7  A/cm  .  The  states  are  not  well  mixed 
by  electrons  for  two  reasons.  First,  the  B  to  C  emission  ratio  of  4.9 

O 

is  too  low.  Based  on  0,025  eV  as  the  B-C  energy  separation,  t  =  11  nsec 

for  the  B  state,  t  =  120  nsec  for  the  C  state®  and  an  electron  temperature 

of  >  0.25  eV,  the  emission  ratio  should  be  11,  not  4.9  as  we  have  observed. 

Second,  the  mixing  rate  constant  is  too  high.  According  to  our  model 

-6  3  -1 

calculations,  a  rate  constant  of  8  x  10  cm  sec  is  required  to  mix 

2 

the  states  well  at  the  low  pumping  current  of  2  A/cm  .  On  the  other  hand, 
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the  states  appear  to  be  mixed  by  heavy  particles.  Our  observed  B  to 
C  state  emission  ratio  is  close  to  the  high  pressure  limit  of  3.6  observed 

O 

by  Brashears  et.  al .  in  an  essentially  electron  free  environment. 

2 

Therefore,  we  conclude  there  is  little  electron  mixing  in  the  2-7  A/cm 
range. 

Since  electron  mixing  of  the  B  and  C  states  is  negligible,  a 

less  than  linear  increase  in  B  state  emission  with  pumping  current  would 

indicate  electron  quenching.  We  observed  slightly  less  than  linear 

2 

relationship  between  fluorescence  and  current.  At  7  A/cm  the  magnitude 
of  this  effect  is  about  20%,  compared  to  the  20%  uncertainty  of  our 
measurements. 

From  our  results  we  draw  the  following  conclusions  about  the 
XeCl  (B)  laser: 

1.  The  ultimate  efficiency  can  be  as  high  as  17%. 

2.  Under  optimum  laser  conditions,  two-body  quenching  by  Ne  is 
the  major  loss  process  for  XeCl*  (B). 

3.  Electron  quenching  and  mixing  are  not  significant  up  to 

2 

a  pumping  current  of  7  A/cm  . 

As  a  final  point,  the  results  for  XeCl  are  similar  to  our  XeF 
c 

results  especially  in  terms  of  formation  efficiency  of  the  B  and  C 
sta tes. 
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TABLE  I 


Collisional  Quenching  of  XeCl  (B)  State 


Species  Apparent  Quenching 


Rate  Constant 

Ne 

1.0  x  10"12  cm3/sec  (+  30%) 

Ne  +  Ne 

<  1  x  10  33  cm^/sec 

Xe 

3.2  x  10"11  cm3/ sec  {+  35%) 

HCl 

1.4  x  10  ^  cm3/sec  (+.  40%) 

The  rate  constants 

have  been  evaluated  with  =  11  nsec  as 

calculated  by  Hay  and  Dunning,^ 


PHOTON  FLUX  (ARBITRARY  UNITS) 


NEON  PRESSURE  (atm) 

Figure  1.  Observed  fluorescence  of  XeCl  (B-*-X)  and  (OA)  transitions 
as  a  function  of  neon  pressure  at  7  A/cm2.  Xenon  and  HC1 
pressures  were  held  at  30  torr  and  2  torr,  respectively. 
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INVERSE  OF  FLUORESCENCE  YIELD 


NEON  PRESSURE  (atm) 

Figure  2.  Inverse  of  fluorescence  yields  of  the  XeCl  (B^X)  and  (OA) 
transitions  as  a  function  of  neon  pressure.  The  data  have 
been  corrected  for  energy  deposited  in  xenon.  For  the  B 
state  the  zero-pressure  intercept  of  unity  indicates  that 
its  formation  efficiency  is  approximately  one  XeCl  (B) 
molecule  for  each  neon  excited  species  formed. 


The  role  of  the  C  state  in  the  XeF  laser 

T.  G.  Finn,3’  L.  J.  Palumbo,  and  L.  F.  Champagne 

Laser  Physics  Branch.  Optical  Sciences  Division.  Saval  Research  Laboratory.  Washington.  D  C  203  75 
(Received  12  October  1978;  accepted  for  publication  31  October  1978) 


Ne/Xe/NF,  mixtures  were  irradiated  by  a  cold-cathode  e-beam,  and  the  fluorescence 
yields  of  the  B  and  C  states  of  XeF  were  measured  as  a  function  of  neon  pressure  from 
200  to  5300  Torr.  At  low  neon  pressures,  the  fluorescence  yield  of  the  B  state 
corresponds  to  one  photon  emitted  for  each  neon  ion  formed.  As  the  neon  pressure  is 
increased  the  fluorescence  yield  of  the  B  state  decreases,  but  the  ratio  of  the  C 
emission  to  B  emission  approaches  unity.  If  the  C  is  formed  through  a  channel  which  is 
independent  of  the  B  state,  then  the  ultimate  efficiency  of  the  XeF  laser  is  severely 
limited.  However,  analysis  of  the  data  with  a  XeF  kinetics  model  indicates  that  the 
enhanced  C  emission  results  from  two-body  quenching  of  the  B  state  by  neon  We 
conclude  that  the  XeF  laser  performance  has  been  limited  by  other  processes,  namely, 
incomplete  vibrational  relaxation  and  ground-state  bottlenecking. 


PACS  numbers:  42.55.Hq,  82.20.Wt,  33.50.Dq 

XeF  is  the  second  rare-gas  monohalide  laser  system 
(after  KrF)  to  demonstrate  high  efficiency  and  output  pow 
er  Initially,  the  XeF  laser  was  operated  in  an  argon  diluent, 
but  its  efficiency  was  well  below  1%  because  of  transient 
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absorption  in  the  medium.  Champagne  and  Harris  found  a 
significant  improvement  in  the  output  power  and  efficiency 
with  neon  as  the  diluent.'  This  work  showed  that  the  tran¬ 
sient  absorption  present  in  pure  neon,  although  comparable 
to  that  in  pure  argon,  was  markedly  reduced  by  the  addition 
of  a  small  amount  of  xenon.  Previously,  we  developed  a  com- 
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KKi  I  Observed  fluorescence  of  \d;  B  and  ('stales  *ith  b  Torr  Xe  and  2 
Torr  N'l  .is  a  function  of  neon  pressure  The  solid  lines  are  the  model 
calculations  based  on  the  formation  efficiency  and  quenching  rates  given  in 
the  text 

puter  model  which  simulates  the  kinetics  in  an  electron 
beam-pumped  XeF  laser.  Analysis  with  the  model  has 
show  n  that  the  addition  of  a  small  amount  of  xenon  to  pure 
neon  significantly  reduces  the  concentration  of  neutral  spe¬ 
cies  such  as  Ne*  and  Nei  through  the  mechanisms  of  Pen¬ 
ning  and  associative  ionization,  but  only  slightly  diminishes 
the  concentration  of  charged  species.-  Consequently,  we 
have  attributed  the  transient  absorption  in  pure  neon  to  the 
neutral  species. 

XeF  has  two  intense  emission  features,  the  B  ->  A’  sys¬ 
tem  around  35 1  nm  and  the  broad  C  •  A  system  centered 
around  460  nm.  Our  kinetic  model  predicts  that  the  forma¬ 
tion  efficiency  of  XeF*  is  high,  but  it  cannot  determine 
which  states  (B  or  C  )are  populated.  Recently,  Kligler  era/.1 
have  shown  that  the  C  state  of  XeF  lies  700  cm  '  below  the  B 
state,  and  that  the  emission  intensity  of  both  states  are  equal 
under  pumping  conditions  similar  to  those  in  the  laser.  The 
importance  of  the  latter  result  is  the  following,  if  the  C  state 
is  formed  in  such  a  way  that  its  excitation  energy  is  not  chan¬ 
neled  through  the  B  state,  then  almost  one-half  the  total 
excitation  is  lost.  Thus,  the  maximum  efficiency  of  the  XeF 
laser  would  be  approximately  5%.  which  is  the  value  recent¬ 
ly  obtained  by  heating  the  mixture  ‘ '  If,  on  the  other  hand, 
the  C state  is  formed  through  the  B  state,  then  all  the  excita¬ 
tion  present  tn  the  C  state  is  potentially  extractable  as  laser 
radiation.  To  resolve  this  question  and  to  characterize  fur¬ 
ther  the  XeF  laser,  we  have  investigated  the  fluorescence 
from  the  B  and  C states  and  analyzed  the  results  with  a  com¬ 
puter  model. 

The  apparatus  used  in  these  experiments  has  been  de¬ 
scribed  previously  and  will  be  reviewed  briefly."  The  kinetics 
chamber  is  made  from  aluminum  and  has  an  active  volume 
of  1.5  x  1  x  20  cm  .  The  chamber  is  mounted  directly  to  the 
electron-gun  vacuum  chamber  with  a  thin  titanium  foil  sepa¬ 
rating  the  two.  The  cold-cathode  electron  gun  produces  a 
beamof280-keV  electrons  with  a  pulse  duration  of  ~  l^isec. 
The  peak  current  density  into  the  laser  gas  is  2  A/cm'.  Flu¬ 
orescence  is  observed  perpendicular  or  parallel  to  the  elec- 
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tron-beam  direction  with  calibrated  photodiodes  and  filters 
All  the  kinetics  experiments  used  concentrations  of  6  Torr 
Xe  and  2  Torr  NF  ,  which  are  the  values  corresponding  to 
the  optimum  laser  mixture  The  dominant  kinetic  processes 
have  characteristic  times  which  are  much  shorter  than  the 
pulse  duration,  thus  the  excited  and  ionic  species  are  in 
quasiequilibrium. 

In  Fig  1.  the  XeF  ( B  •  X  )  and  (C  •  A  )  fluorescence 
from  a  mixture  of  Ne/Xe/NF  is  given  as  a  function  of  neon 
pressure  At  low  neon  pressure  the  ratio  of  B  -  A’  to  C  •  A 
emission  intensity  is  approximately  4  1  As  the  neon  pres¬ 
sure  increases,  the  fluorescence  from  both  states  increases, 
but  at  high  pressures  the  B  X  fluorescence  begins  to  level 
off  while  the  C  fluorescence  continues  to  rise  At  the  opti¬ 
mum  laser  mixture  (5  atm)  the  C'  •»  A  emission  is  over  70cf 
of  the  B  »  X  emission 

More  information  about  the  B  and  C  states  can  be  ob¬ 
tained  by  calculating  their  corresponding  fluorescence 
yields  The  fluorescence  yield  is  defined  here  as  the  ratio  of 
the  number  of  photons  emitted  from  a  state  divided  by  the 
number  of  ion-electron  pairs  produced  by  the  electron  beam 
A  fluorescence  yield  of  unity  corresponds  to  one  photon 
emitted  for  each  ion  formed.  It  is  possible  for  the  total  flu¬ 
orescence  yield  to  be  greater  than  unity.  For  each  100  ions 
that  are  created,  the  electron  beam  also  produces  about  30 
excited  neutral  atoms  which  can  lead  to  the  upper  laser 
level.' 

Relative  fluorescence  yields  can  be  put  on  an  absolute 
basis  by  normalizing  to  the  absolute  fluorescence  yield  of  the 
N;  second  positive  system  produced  in  mixtures  of  argon 
w  ith  5%  nitrogen  At  a  total  pressure  of  2  atm,  Huestis  and 
Tang  have  determined  the  fluorescence  yield  of  the  second 
positive  system  to  be  approximately  9%  over  the  e-beam 
current  range  1-10  A/cm'  incident  to  the  active  volume .* 
Using  the  argon/nitrogen  fluorescence  as  a  secondary  stan- 


FIG  2.  Inverse  of  the  fluorescence  yields  of  the  XeF  (ZI  *T)and(C  *4) 
emissions  as  a  function  of  neon  pressure.  For  the  B  slate  the  ?ero-pressure 
intercept  of  unity  indicates  that  its  formation  efficiency  is  approximately 
one  XeF  ( B  )  molecule  for  each  neon  ion  formed 
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I  Mil  I  I  Quenching  rate  constants  used  in  model 
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dard.  we  obtained  the  absolute  fluorescence  yield  of  the  XeF 
t  B  >.V)and(C  •  A  )  transitions  as  a  function  of  neon  pres¬ 
sure  Since  the  thickness  of  the  target  gas  is  small  compared 
to  the  penetration  depth  of  the  e-beam,  the  number  of  ions 
produced  is  linearly  proportional  to  the  gas  pressure.  Thus, 
the  relative  fluorescence  yield  is  equal  to  the  signal  intensity 
divided  by  the  neon  pressure. 

In  Fig.  2  the  inverse  of  the  absolute  fluorescence  yield 
for  the  XeF  transitions  (B  -TjandfC  A  )  is  plotted  ver¬ 
sus  neon  pressure.  This  method  of  data  analysis  is  similar  to 
a  Stern-Volmer  plot  and  is  useful  in  interpreting  the  data. 
Moreover,  the  fluorescence  yields  have  been  corrected  to 
account  for  quenching  by  Xe  and  NF,.  This  correction, 
which  is  largest  in  the  low  -pressure  region,  is  about  10 %.  As 
can  be  seen  in  Fig.  2,  at  low  neon  pressure  the  fluorescence 
yield  of  the  B  -  X  transition  approaches  unity,  which  corre¬ 
sponds  to  a  fluorescence  energy  efficiency  of  10%.  Flowever, 
as  the  neon  pressure  is  increased  the  fluorescence  yield  de¬ 
creases,  so  that  at  the  optimum  laser  mix  of  5  atmospheres  it 
is  approximately  0.3  Meanwhile,  the  fluorescence  yield  of 
the  C  •  A  transition  varies  slowly  and  approaches  0.25  at 
zero  pressure.  There  are  two  likely  explanations  for  the  pres¬ 
sure  behavior  of  the  fluorescence  yields.  First,  at  high  pres¬ 
sure  the  formation  efficiency  of  the  B  state  is  close  to  unity, 
but  the  state  is  quenched  to  the  C  state  which  lies  700  cm  ' 
below  it  Second,  at  high  pressure,  the  excitation  energy  is 
intercepted  before  it  reaches  the  B  state  and  channeled  di¬ 
rectly  into  the  C  state.  In  the  former  case,  almost  all  of  the 
excitation  can  be  considered  as  potential  laser  radiation  be¬ 
cause  the  energy  can  be  extracted  from  the  B  state  before  it  is 
quenched  to  the  C  state.  However,  in  the  latter  case,  the 
energy  is  directly  pumped  into  the  C  state  and  is  virtually 
inaccessible  Thus,  the  manner  in  which  theCstateis  formed 
at  high  pressure  determines  the  ultimate  efficiency  of  the 
laser 

The  C  state  can  be  formed  in  three  ways:  direct  excita¬ 
tion,  quenching  from  B  to  Cby  neutral  species,  and  quench¬ 
ing  from  B  to  Cby  electrons.  Our  data  indicates  that  electron 
mixing  of  the  B  and  C  states  is  not  significant  up  to  a  pump¬ 
ing  rate  of  7  A/cm’.  This  conclusion  is  based  on  the  follow¬ 
ing  results.  First,  as  the  NF,  concentration  in  the  kinetics 
chamber  was  varied  from  2  to  100  Torr,  we  observed  only  a 
10%  decrease  in  the  B/C emission  ratio.  Since  the  removal 
rate  of  the  electrons,  and  thus  their  equilibrium  concentra¬ 
tion,  is  determined  by  the  concentration  of  the  attaching  spe¬ 
cies,  NF  .  the  electron  density  varied  greatly  but  the  fl-to-C 
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ratio  remained  approximately  constant.  Furthermore,  other 
experiments  were  conducted  in  the  laser  mixture  (5  atm) 
w  ith  7-A/cnv  e-beam  pumping  current,  and  thefi-to-C  ratio 
w  as  found  to  be  the  same  as  in  the  kinetics  experiments  w  ith 
2-A/cnv  pumping  rate.  Finally  ,  if  electron  mixing  were  sig¬ 
nificant  the  B/C  emission  ratio  should  be  much  higher  than 
is  observed.  The  separation  of  the  B  and  C  states  is  700  cm  , 
which  is  about  0.08  eV.  If  the  electron  temperature  were  1 
eV,  the  states  would  be  approximately  equally  populated 
Since  the  ratio  of  transition  probabilities  for  the  B  and  C 
states  is  approximately  7,  the  B-lo-C emission  ratio  would  be 
much  greater  than  unity.’  Instead,  the  observed  emission 
ratio  extrapolates  at  high  pressure  to  a  value  of  0.6,  which 
corresponds  to  a  temperature  of  0.035  eV,  close  to  the  tem¬ 
perature  of  the  background  gas.  Thus,  electron  mixing  is  not 
important  in  determining  the  ratio  of  theSand  C stales  and  a 
model  based  solely  on  neutral  kinetics  may  be  used. 

The  neutral  kinetics  model  must  include  direct  pump¬ 
ing  to  B  and  C.  quenching  from  B  to  C  and  the  reverse  reac¬ 
tions,  and  quenching  from  B  and  C  to  products.  For  direct 
pumping  the  absolute  fluorescence  y  ields  extrapolated  to 
zero  pressure  were  used.  The  quenching  rate  constants  used 
in  the  model  are  given  in  Table  I.  The  applicability  of  the 
rates  will  be  discussed  later.  The  predictions  of  the  model 
based  on  absolute  fluorescence  yields  and  quenching  by  neu¬ 
trals  are  given  as  the  solid  lines  in  Fig.  1.  As  can  be  seen  from 
Fig.  1,  the  model  is  in  good  agreement  with  the  data. 
Quenching  of  the  B  state,  primarily  through  two-body  colli¬ 
sions  with  neon,  accounts  for  all  the  observed  decrease  in  the 
fluorescence  yield  as  the  neon  pressure  is  increased.  If  sig¬ 
nificant  interception  of  the  B  state  were  present,  the  model 
values  would  be  much  higher  than  the  observed  B  emission. 
Moreover,  if  at  high  pressure  a  larger  fraction  of  the  excita¬ 
tion  were  channeled  directly  into  the  C  state,  the  model  pre¬ 
dictions  for  the  C  emission  would  be  much  less  than  the 
observed  values.  Initially,  however,  the  predicted  C emission 
was  higher  than  the  observed  value,  indicating  that  some 
quenching  of  the  C  state  by  the  background  gas  occurs.  The 
C-state  quenching  rate  which  fits  the  data  is  given  in  Table  I. 

Three  important  conclusions  can  immediately  be 
drawn  from  the  model  analysis.  First,  almost  80%  of  the 
ions  and  electronically  excited  neutrals  formed  channel  their 
excitation  directly  into  the  B  state.  Second,  the  back  reac¬ 
tion,  C  to  B.  is  small,  such  (hat  once  the  energy  is  in  the  C 
state  it  is  virtually  lost.  Third,  the  enhanced  C  emission  at 
high  pressure  is  due  to  quenching  from  B  to  C,  primarily 
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through  two-body  collisions  with  neon  In  fact,  two-thirds  of 
the  Cpopulation  results  from  the  B  state  The  last  conclusion 
has  been  verified  experimentally.  Since  a  large  fraction  of  the 
C-state  population  results  from  the  B  state,  the  C  emission 
rate  will  decrease  if  the  steady-state  B  population  is  de¬ 
creased  as  occurs  in  a  saturating  laser  field  The  depression 
of  the  C  emission  in  a  saturating  laser  field  has  been 
observed  K 

The  accuracy  of  the  model  predictions  depends  on  the 
reliability  of  the  rate  constants  used.  Over  50%  of  the  B-state 
quenching  is  due  to  two-body  neon  quenching,  a  process 
whose  rate  constant  and  branching  are  well  character¬ 
ized.' '  l  !  However,  40%  of  the  quenching  is  due  to  three- 
body  neon  and  neon  plus  xenon  reactions  The  rate  constants 
for  these  processess  have  been  derived  from  electron-beam- 
pumped  mixtures,  and,  strictly  speaking,  the  rates  could  cor¬ 
respond  to  interception  rather  than  quenching  processes. 
That  is,  these  reactions  could  channel  excitation  away  from 
the  B  state  rather  than  quench  the  B  state.  In  order  to  charac¬ 
terize  the  XeF  laser  precisely  the  quenching  rate  constants 
and  branching  ratios  for  these  processes  have  to  be  known. 

Assuming  the  reliability  of  the  quenching  rate  con¬ 
stants,  we  can  summarize  the  results  and  conclusions: 

(a)  The  formation  efficiency  of  the  B  state  is  approxi¬ 
mately  one  XeF  (B  )  molecule  formed  for  each  ion  pair 
created. 

(b)  The  decrease  in  the  B-state  fluorescence  yield  ob¬ 
served  al  high  pressure  is  due  to  quenching,  primarily 
through  two-body  collisions  with  neon 


<c)  The  enhanced  C  emission  observed  at  high  pressure 
is  due  to  quenching  from  B  10  C  rather  than  interception  of 
the  B  state. 

(d)  Since  the  formation  efficiency  of  XeF  (B  )  is  high, 
other  processes  are  limiting  the  laser  performance  Most 
likely,  these  processes  are  incomplete  vibrational  relaxation 
and  bottlenecking  of  the  state  due  to  finite  relaxation  rates 
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COMPUTER  MODELING 


Introduction 

The  general  purpose  computer  code  for  modeling  e-beam  pumped  and 

e-beam  sustained  ra re-gas  halide  lasers  has  undergone  more  evolution 

during  this  past  fiscal  year.  A  description  of  the  code  and  examples 

of  its  applications  to  e-beam  sustained  KrF  and  XeF  lasers  have  been 

published1  in  FY  79.  The  code,  as  described  in  that  publication,  kept 

track  of  electron  kinetics  in  a  spatial ly-uni form  applied  electric  field 

by  solving  the  Boltzmann  transport  equation.  This  version  neglected  the 

initial  energy  distribution  of  secondary  electrons  created  by  the  high 

energy  electron  beam.  Such  an  approximation  is  valid  as  long  as  the 

energy  deposited  into  the  laser  medium  by  the  e-bom  is  small  compared 

to  that  deposited  by  the  applied  field.  Detailed  studies  of  electron 

kinetics  in  e-beam  sustained  discharge-pumped  RGH  lasers  have  been 

2 

carried  out  and  the  results  were  presented  early  in  FY  79.  The  ab¬ 
stract  pertaining  to  this  presentation  can  be  found  in  Appendix  I. 

RGH  Computer  Code  Development  for  the  XeCl  Laser  -  Secondary  Electron 
Kinetics 

In  laser  media  in  which  the  energy  distribution  function  of  the 
secondary  electrons  created  by  the  e-beam  is  an  important  controlling 
factor,  and  especially  in  those  cases  where  the  applied  electric  field 
is  weak  or  zero,  it  is  useful1  to  have  a  way  of  computing  the  electron 
energy  distribution  function. 


k  8 


A  need  to  know  the  distribution  of  electron  energies  arises  when 

one  attempts  to  model  the  e-beam  pumped  XeCl  laser.  In  contrast  to  RGH 

lasers  studied  previously  (KrF  and  XeF),  there  are  several  important 

processes  in  the  XeCl  system  having  rates  which  are  sensitive  functions 

of  average  electron  energy  and  energy  distribution.  Some  examples  are: 

(a)  dissociative  electron  attachment  to  HC1  which  has  a  threshold  of 

0.8  eV  for  v  =  0  and  0.5  eV  for  v  =  1;  (b)  dissociative  electron-ion 

recombination  which  varies  rapidly  with  electron  temperature,  T  , 

especially  at  Tg  <  0.2  eV;  and  (c)  electron  mixing  of  the  vibrational 

levels  of  HC1 .  Also,  it  has  been  proposed  to  derive  some  reaction  rates, 

or  at  least  their  relative  importance  in  typical  XeCl  laser  gas  mixtures, 

by  fitting  a  model  to  short  puise  e-beam  pumped  kinetics  experiments. 

In  these  experiments,  the  pump  pulse  current  density  is  several  hundred 
2 

A/cm  and  its  duration  is  ~  3  ns.  The  rise  and  fall  of  XeCl*  fluores¬ 
cence  is  observed  out  to  ~  100-200  ns  into  the  afterglow.  Proper 
modeling  of  these  data  depends  upon  a  knowledge  of  the  time  dependence 
of  the  electron  energy  distribution. 

Thus,  a  capability  for  keeping  track  of  electron  energies  was 
developed  and  incorporated  into  the  RGH  computer  code.  Essentially, 
this  capability  consists  of  a  set  of  subroutines  which  divide  the  elec¬ 
trons  into  energy  cells  (typically  ~  40  cells,  each  of  ~  0.5  eV  width) 
and  compute  the  flow  rates  of  electrons  from  one  cell  into  another  by 
solving  appropriate  first-order  differential  equations.  Additional  sub¬ 
routines  set  up  the  energy  grid  and  the  system  of  differential  equations 
and  provide  several  forms  of  diagnostic  output.  The  differential  equa¬ 
tions  for  the  electrons  are  merged  with  those  for  the  heavy  particles 
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and  all  are  solved  as  a  single  system  of  coupled  linear  ordinary  diffe- 

3 

rential  equations  using  a  Runge-Kutta-Treanor  integrator.  The  electron 
velocity  distribution  is  assumed  to  be  isotropic  since  there  is  no 
applied  electric  field.  The  user  supplies  a  table  of  cross  sections, 
a  (u),  or  a  source  function,  S  (u),  (where  u  is  the  electron  energy)  for 
each  electron-impact  reaction. 

I.  Electron  Kinetics  Algorithm 

The  procedure  for  computing  the  time  evolution  of  the  populations, 

N . ,  of  electrons  in  each  energy  cell,  i  (1  <  i  <  i  .  where  i  is 
the  total  number  of  cells  considered),  consists  of  solving  the  differen¬ 
tial  equations  for  dN^/dt.  These  equations  are  of  the  form 


dNi 

dt 


=  E 

p,n 


where  N..jj  represents  the  contribution  to  dN./dt  from  the  process  of 
type  p  involving  a  heavy  particle  of  species  n.  The  types  of  electron- 
impact  process  allowed  for  in  the  present  model  are:  (a)  momentum 
transfer,  (b)  external  sources  of  electrons,  (c)  Penning  and  associative 
ionization,  (d)  inelastic  collisions,  (e)  superelastic  collisions, 

(f)  ionization,  (g)  recombination  and  attachment,  and  (h)  electron-elec¬ 
tron  collisions. 


For  momentum  transfer  collisions,  cell  i  gains  electrons  from  cell 
i  +  1  and  loses  electrons  to  cell  i  -  1;  thus. 
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where  Nn  and  Mn  are,  respectively  the  number  density  and  mass  of  heavy 
particles  of  species  n,  mg  is  the  electron  mass,  and  u^  is  the  average 
energy  of  electrons  in  cell  i  [  =  (i  -  *2)  Au,  where  Au  is  the  energy 
grid  mesh  size].  The  mean  velocity,  v^ ,  of  electrons  in  cell  i  is  given 
by 

vi  =  (2e  u./me) 2, 

where  e  =  1.602  x  10”^  ergs  eV-*,  and  is  the  momentum  transfer 
cross  section  at  a  relative  collision  energy  of  u^ .  Physically  speaking, 
the  quantity  [(2me/Mn)  (u^Au)]"1  is  the  number  of  momentum  transfer 
collisions  the  electron  must  undergo  to  lose  an  amount  of  energy  equal 
to  Au. 


In  the  cases  of  external  pump  sources  and  chemionization,  electrons 
are  created  by  processes  not  involving  electrons  as  reactants.  Hence, 

pyf 

once  must  supply  an  external  source  function,  S  (u)  and  a  rate  con¬ 


stant,  kgxt  to  describe  the  contributions  of  these  reactions.  The 
contributions  to  dN^/dt  by  these  processes  are  of  the  form. 


l^ext  _  ^ext  <.ext 

i  n  n 


gyt 

where  Rn  is  the  reaction  rate  of  process  n  which,  is  given  (e.g.)  for 
the  Penning  ionization  reaction, 

Ne*  +  Xe  -*•  Xe+  +e‘+  tie  (rate  constant  =  kp). 
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by  R^xt  =  [  Ne*  ]  [Xe  ]  kp  and  Sext  (u^ )  is  normalized  by  the  code  such 

gx t  ext 

that  IS  (u.)  =  1.  For  Penning  and  associative  ionization,  S 

i 

approximates  a  delta  function  which  peaks  at  an  energy  equal  to  the 
exoergicity  of  the  reaction  while  for  an  external  pump  source,  S  may 
be  broad  and  smooth. 

An  inelastic  collision  results  in  the  jump  of  an  electron  from  cell 
i  +  j  into  cell  i  or  in  the  loss  of  an  electron  from  cell  i  by  a  jump 
into  cell  i  -  j  (where  jAu  is  the  transition  energy).  Hence, 


Ninel  =  N  N.  .  o!"e1 

in  n  i+j  i+j,n 


m  m  mel 
v .  .  .  -  N  N -  a- 
i+J  n  i  i,n 


Similarly,  the  reverse  (superelastic)  process  affects  the  population  of 
cell  i  according  to 


in  n  l  j  i“J>n  i ~ j 


^  -  N_N^  ofU^r  v. 


n  i  l  ,n 


Ionizing  collisions  are  similar  to  inelastic  collisions  as  far  as 
the  incident  electron  is  concerned;  however,  an  additional  electron  is 
created.  For  simplicity,  this  electron  is  assumed  to  be  created  in  the 
lowest  energy  cell.  Thus,  the  contribution  to  dN^/dt  by  electron-impact 
ionization  is 


N1.00  =  N  N.  .  a1.00  v. 
in  Wj  i+j ,n  vi+j 


ii  ii  ion 

N„N.  o.  „  v. 
n  i  i ,n  i 


and  an  additional  term  is  included  for  the  first  cell  viz., 

.ion  .ion 
^ln  =  2  Nin  • 
i 

For  ionizing  collisions,  j  is  defined  as  j  =  (I.P./Au)  +  1  (I.P.  is  the 
ionization  potential).  This  definition  allows  energy  conservation  while 


f 
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accounting  for  the  energy  of  the  electron  created  in  cell  1. 

Recombination  and  attachment  involve  the  loss  of  electrons  from 
cell  i  at  a  rate  given  by 


NreC  =  -N  N.  orec  v.. 
in  n  l  i  ,n  i 


Finally,  the  electron-electron  collision  term  is  estimated  by 


*  ("f X 


Ni> 


Ma  y 

where  Ni  is  the  number  of  electrons  in  cell  i  for  a  Maxwellian distribu¬ 
tion  with  the  same  average  electron  energy  as  the  actual  distribution 

4 

and  Tge  is  the  electron-electron  equipartition  time.  The  average 

energy,  u,  and  x  are  given  by 
66 

“  *  £  n, 


and 


ee 


3.4  x  105  (2u/3)3/2 
Ne  loge  A 


(sec). 


-3  — 

where  Ng  is  the  total  electron  density  in  cm  ,  u  and  u  are  in  eV,  and 
logg  A  is  the  (slowly  varying)  Coulomb  logarithm  given  by 


loge  A  =  23  -  loge[NeH  (2u/3)  "3/2  3 


The  Maxwellian  population  is  computed  from 

Au/2 


NMax  =  C/V 

1  J  u,  - 


Au/2 


u  2  exp  (-3u/2u)  du 
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where  C  is  a  normalizing  constant  which  ensures  that 


Z  NMax  =  I  N.  =  N  . 
i  1  i  1  e 


This  formulation  for  electron-electron  collisions  insures  number  density 
and  energy  conservation. 

The  cross  sections,  amt,  a!nel,  o^upr,  a]on,  and  c^ec,  and  the 

i,n  i,n  i,n  i,n  i,n 

pvt 

source  functions  S  are  supplied  by  the  user  for  arbitrary  energies 
and  are  interpolated  onto  the  working  computational  grid  by  the  code. 
Other  data  also  required  are  M  ,  energy  loses  for  inelastic  and  ionizing 
collisions,  and  energy  gains  for  superelastic  collisions. 

II.  Results  of  Secondary  Electron  Kinetics  Modeling 


The  algorithm  described  above  has  been  used  to  expand  the  capa¬ 
bilities  of  the  RGH  laser  code  to  include  the  effects  of  the  secondary 
electron  energy  distribution  on  the  reaction  rates.  Modeling  has  been 
done  for  long  pulse  e-beam  pumping  of  Ne/Xe/HCl  mixtures.  Results  for 

a  mixture  of  3000  Torr  Ne,  30  Torr  Xe,  2  Torr  HC1  pumped  by  a  300  keV, 

?  _ 

600  ns,  7  A/cm  e-beam  are  shown  in  Fig.  1.  The  curve  for  u  shows  that 

the  average  electron  energy  remains  in  the  2-3  eV  range  throughout  the 

pulse.  This  value  is  determined  by  a  balance  between  heating  and  cooling 


processes. 

Under  conditions  of  Fig.  1,  the  main  electron  heating  process  is 
the  direct  creation  of  hot  secondary  electrons  from  the  ionization  of 
neutral  neon  by  the  e-beam.  These  secondary  electrons  have  an  average 
energy  of  8.3  eV  because  the  source  function  for  this  process  is  assumed 
to  be  constant  from  zero  to  the  excitation  energy  of  Ne*  (16.6  eV)  and 
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zero  for  the  higher  energies.  An  additional  positive  contribution  to 
the  electron  temperature  comes  from  rapid  dissociative  electron  attach¬ 
ment  to  vibrationally  excited  HC1 , 

HCl(v)  +  e"  +  Cl'  +  H, 

which  accounts  for  the  loss  of  more  than  90%  of  all  electrons.  By  selec¬ 
tively  removing  low  energy  electrons,  this  process  raises  the  average 
energy  of  the  remaining  electrons.  The  electrons  ai e  cooled  mainly  by 
the  momentum  transfer  collisions  with  the  background  gas  (Ne)  and  by 
inelastic  and  ionizing  collisions  with  ground  state  Xe.  Throughout 
the  pulse,  the  electron-electron  equilibration  time,  Tge,  is  <  1  ns  so 
that  the  electron  energy  distribution  function  is  approximately  Maxwel¬ 
lian. 

These  calculations  show  that  for  typical  long-pulse  XeCl  laser 
conditions,  the  average  electron  energy  is  high  enough  such  that  elec¬ 
tron-ion  dissociative  recombination  rate  coefficients  and  dissociative 
attachment  rate  coefficients  vary  slowly. 

Other  interesting  processes  which  have  been  shown  to  be  signifi¬ 
cant  by  the  secondary  electron  kinetics  modeling  described  here  are 
multi-step  excitation  and  ionization  of  Xe  by  electron  impact.  For 
example: 

(a)  Xe  +  e"  ->  Xe*  +  e", 

(b)  Xe*  +  e"  -  Xe**  +  e", 

(c)  Xe*  (or  Xe**)  +  e"  -»■  Xe+  +  2e". 

For  the  conditions  of  Fig.  1,  reaction  (b)  accounts  for  the  loss  of 
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~  25%  of  Xe*.  Reactions  such  as  these  and  most  other  electron  impact 
reactions  involving  thresholds  greater  than  a  fraction  of  an  eV  cannot 
be  properly  treated  unless  one  keeps  track  of  electron  kinetics.  Indeed, 
for  most  e-beam  pumped  RGH  models  done  in  the  past,  these  reactions  have 
been  either  crudely  estimated  or  neglected  altogether.  Electron  impact 
ionization  of  Xe*  is  important  to  consider  because  it  provides  an  alter¬ 
nate  route  for  forming  XeCl*  from  Xe*,  namely: 

Xe*  +  e"  -  Xe+  +  2e' 

Xe+  +  Cl"  +  (M)  XeCl*  +  (M) 

Further  analysis  on  the  role  of  secondary  electron  kinetics  in  the  XeCl 
laser  are  underway. 
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mixture  of  Ne/Xe/HCl  =  3000/30/2  (Torr)  pumped  by  a  300  keV  e-beam.  The  pump  pulse 
current  density,  J  .  ,  is  shown  by  the  dashed  curve  and  has  a  peak  value  of  7  A/cm2  in 
dent  to  the  gas.  eD  The  results  are  for  a  uniformly  pumped  optically  thin  volume  wit 
no  laser  mirrors  and  hence  no  stimulated  emission. 


Kinetics  Simulation  of  High-Power  Gas  Lasers 

Numerical  simulation  of  high-power  gas  lasers  requires  the  integra¬ 
tion  of  a  variety  of  numerical  techniques;  simultaneous  solutions  must 
be  obtained  to  a  large  set  of  ordinary  differential  equations,  and 
several  nonlinear  partial  differential  equations.  A  family  of  codes 
employing  similar  methods  has  been  devised  and  has  demonstrated  re¬ 
markable  success  in  predicting  laser  performance  over  a  broad  range  of 
parameters.  We  describe  here  the  appropriate  techniques  for  dealing 
with  gas  kinetic  equations,  the  steady-state  Boltzmann  equation,  and 
physical  optics.  Modeling  of  both  e-beam  pumped  and  e-beam  sustained 
discharge-pumped  lasers  is  described;  complex  electron  kinetic  processes 
are  included.  Results  are  shown  for  both  krypton-fluoride  and  xenon- 
fluoride  lasers. 
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Kinetics  Simulation  of  High-Power  Gas  Lasers 

THOMAS  H.  JOHNSON,  LOUIS  J.  PALUMBO.  and  ALLEN  M  HUNTER,  II 


Abstract  Numerical  simulation  of  high-power  gas  lasers  : '  . u  1  r L‘ s  the 
integration  of  a  variety  of  numerical  techniques:  simultaneous  -  lutu 
must  be  obtained  to  a  large  set  of  ordinary  differential  equations,  and 
several  nonlinear  partial  differential  equations.  A  family  of  codes  em¬ 
ploying  similar  methods  has  t.een  devised  and  has  demonstrated  re¬ 
markable  success  in  predicting  laser  performance  over  a  broad  range  of 
parameters.  We  describe  here  the  appropriate  techniques  for  dealing 
with  gas  kinetic  equations,  the  steady-state  Boltzmann  equation,  and 
physical  optics.  Modeling  of  both  c-beam  pumped  and  r-bcam  s-  stained 
discharge-pumped  lasers  is  described;  complex  electron  kinetic  processes 
are  included.  Results  are  shown  for  both  krypton-fluoride  and  xenon- 
fluoride  lasers. 


ELEC  IRON  BEAM 

*  r  »  . 


LASER  CAVITY  MIRROR 

GAIN  LENGTH  •- 


Fig.  1.  Example  of  direct-pumped  laser  geometry  The  typical  appara¬ 
tus  modeled  .cere  is  simpler  in  form.  Discharge  sustaincr  voltage  may 
be  applied,  e.g.,  into  the  page. 


I.  Introduction 

URING  the  past  decade,  numerical  simulation  models 
for  gas  lasers  have  been  developed  to  predict,  with  good 
reliability,  the  gross  performance  of  gas  lasers  operating  at  in¬ 
frared  wavelengths.  In  moderately  complex  kinetic  systems 
such  as  those  of  the  C02  electric  discharge  laser  [  1 ) ,  the  CO 
electric  discharge  laser  [2),  and  >he  DF-C02  transfer  laser 
|3] ,  it  has  been  possible  to  predict  total  power  and  efficiency 
with  some  confidence.  More  detailed  quantities  have  often 
eluded  accurate  prediction,  usually  because  of  uncertainties  in 
fundamental  kinetic  processes.  The  results  from  these  kinetics 
codes  have  been  coupled  with  other  techniques  hydrodynamic 
models  (especially  for  simulation  of  the  gasdynamic  laser)  and 
both  geometric  and  physical  optics  models-to  produce  suc¬ 
cessful  simulations  of  laser  systems. 

With  the  advent,  in  the  early  1970's,  of  gas  lasers  operating 
at  much  shorter  wavelengths-in  the  visible  and  near  ultraviolet 
-it  became  necessary  to  develop  new  computational  models. 
The  kinetic  processes  of  such  systems  are  vastly  more  compli¬ 
cated  than  those  of  0O2  lasers,  for  example.  This  complica¬ 
tion  is  both  quantitative  and  qualitative.  There  are  a  great 
many  more  reactions,  and  kinds  of  reactions,  which  must  be 
accounted  for  and  balanced  properly  before  one  can  simulate 
a  real  experiment.  And,  more  significantly,  the  assumptions  of 
(at  least  approximate)  local  thermodynamic  equilibrium  made 
by  earlier  simulations  are  clearly  not  valid  in  the  new  lasers. 
(In  C02  modeling,  for  example,  it  is  common  practice  to  as- 
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sume  the  vibrational  modes  to  be  individually  equilibrated.)  It 
becomes  necessary,  then,  to  update  certain  elastic  and  inelastic 
collision  parameters  through  solution  of  a  Boltzmann  equation 
in  concert  with  the  solution  of  the  gas  kinetics  equations. 

The  techniques  presented  here  were  assembled  for  the  simu¬ 
lation  of  a  particular  pair  of  rare-gas-halide  molecular  lasers, 
the  excimers  krypton-fluoride  (KrF),  operating  at  2485  A, 
and  xenon-fluoride  (XeF),  operating  at  3532  A.  Where  it  is 
useful  to  illustrate  by  example,  these  systems  will  be  used;  and 
the  results  presented  will  involve  simulations  of  laboratory  ex¬ 
periments  with  these  lasers.  The  methods  are.  however,  quite 
general,  and  may  be  used  with  equal  success  on  a  great  variety 
of  complex  systems.  In  fact,  the  techniques  have  been  special¬ 
ized  along  quite  different  lines  by  two  of  the  authors,  using 
two  quite  different  computers  (CDC  7600  and  Texas  Instru¬ 
ments  ASC);  where  different  methods  have  been  used  to  model 
specific  aspects  of  the  systems,  both  will  be  described  here. 
Over  rather  a  broad  realm,  one's  choice  of  numerical  methods 
represents,  as  much  as  anything  else,  one’s  aesthetic  percep¬ 
tions. 

Physical  Approximations 

Energy  is  generally  delivered  most  efficiently  to  the  gases  in 
these  electronic-transition  lasers  through  collisions  with  ener¬ 
getic  electrons,  either  through  direct  pumping  with  electron 
beams  or  by  application  of  an  electric  discharge  (usually  sus¬ 
tained  by  an  e-beam).  The  essentials  of  the  geometry  for  a 
direct-pumped  laser  are  shown  in  Fig.  I.  The  arrangement 
shown  is  for  an  unstable  confocal  resonator  as  used  in  the  KrF 
physical  optics  calculations  (see  Section  II). 

For  an  e-beam  sustained  discharge,  the  essentials  of  Fig.  1 
remain  correct.  A  discharge  voltage  is  added  in  the  third  di¬ 
mension  (into  the  page),  and  the  resulting  current  carried  by 
secondary  electrons  (ionizations  caused  by  the  c-beam)  pumps 
energy  into  the  gas  collisionally. 
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Note  that,  as  tar  as  the  energetics  are  concerned,  the  prob¬ 
lem  may  be  treated  in  levels  of  approximation  varying  from 
zero  dimensional  to  three  dimensional.  One  may.  for  example, 
attempt  to  model  the  spatial  and  temporal  anisotropies  of 
energy  deposition  by  the  electron  beam,  which  depend  almost 
entirely  upon  the  characteristics  of  the  particular  electron  gun 
being  used,  or  one  may  presume  that  the  beam  energy  is  de¬ 
posited  uniformly  throughout  the  cavity.  Similarly,  if  the 
laser  is  discharge  pumped,  one  may  choose  to  model  the  spa¬ 
tial  asymmetries  of  discharge  current  (which  also  depend  on 
the  e-beam  deposition  anisotropies);  or.  again,  one  may  ignore 
these  All  models  presented  here  make  the  simplest  assump¬ 
tions  in  both  these  cases,  reducing  the  dimensionality  to  zero. 
Since  both  deposition  anisotropies  and  discharge  current  asym¬ 
metries  tend  to  degrade  laser  performance,  the  simulations  will 
present  a  best-case  prediction  of  performance.  If  energy  depo¬ 
sition  in  a  particular  experiment  is  particularly  poor  because  of 
any  combination  of  these  problems,  an  accurate  simulation 
can  he  produced  by  tailoring  the  code's  modeling  of  t'-beam 
energy  deposition  to  that  actually  measured,  rather  than  that 
ol  a  nominal  ideal  beam  at  the  rated  input  current. 

Temporal  variations  in  the  discharge  voltage  are  modeled  in 
these  simulations,  as  discussed  in  Section  III 
Variations  along  the  laser  beam  axis  can  arise  for  a  number 
of  reasons,  including  all  the  above  sources,  longitudinal  varia¬ 
tions  in  flux  level  (especially  those  caused  by  using  an  unstable 
resonator,  as  in  fig  I ).  variations  in  absorption,  or  other  mode- 
media  interactions.  The  simplest  forms  of  these  simulation 
models  also  ignore  all  these  variations  as  well  The  resonator  is 
presumed  to  be  a  simple  fabry-Perot  resonator,  so  that  the 
optical  field  is  approximated  as  uniform  in  amplitude.  The 
chemical  concentrations  everywhere  in  the  cavity  are  then 
identical,  and  a  simple  uniform-gain  approximation  can  be 
made  (Section  II).  This  zero-dimensional  calculation  can 
produce  highly  accurate  results  for  overall  energy,  intensity, 
and  efficiency,  as  well  as  reliable  performance  parameters  for 
various  inodes  of  operation.  One-  and  two-dimensional  calcu¬ 
lations  can  be  performed  by  dividing  the  cavity  into  an  appro¬ 
priate  number  of  cells  and  applying  the  kinetics  procedure  to 
the  updating  of  small-signal  gain  in  each  cell:  intensity  must 
then  be  calculated  by  a  more  detailed  modelingof  the  radiation 
field.  Techniques  for  doing  this  are  discussed  in  Section  II. 

II.  KtNf-.Tics  and  Radiation 
I  electronic  transition  gas  lasers  generally  involve  complex, 
branching  chains  of  energy  flow  from  initial  pump  excitation 
of  background  gas  to  eventual  extraction  of  laser  radiation. 
These  energy  chains  include  processes  such  as  energy  deposi¬ 
tion  by  electron  ionization  and  excitation,  energy  transfer  by 
various  collisional  mechanisms,  including  neutralization,  dis¬ 
placement  and  "harpooning,"  leading  to  formation  of  the 
upper  laser  level;  and  collisional  mechanisms  which  intercept 
excitation  energy  before  it  can  reach  the  upper  laser  level,  or 
which  quench  that  level  before  stimulated  emission  occurs. 
Also,  one  must  consider  extraction  of  stimulated  emission, 
including  absorptions  by  various  process  in  the  gas  and  reso¬ 


nant  reabsorption  by  ihe  lower  laser  level  (if  there  is  one), 
laser  cavity  oscillation,  and  coupling  through  output  mirrors. 
A  time-dependent  model  of  the  kinetics  of  such  a  system  must 
define  and  update  species  densities  for  a  large  number  typically 
between  twenty  and  sixty  gas  components,  including  ground 
stales,  several  excited  slates  and  ions  of  atoms  and  molecules, 
plus  electrons  and  photons. 

The  time  evolution  of  these  components  is  followed  by  the 
solution  of  a  set  of  coupled  first-order  ordinary  differential 
equations  one  for  each  gas  component.  To  the  set  of  equa¬ 
tions  defining  species  densities  are  added  further  differential 
equations  describing  the  evolution  of  the  photon  field,  the  gas 
temperature,  and  (in  some  models)  coupled  electrical  circuit 
parameters.  The  species  equations  can  be  generally  described 
as  equating  the  rate  of  change  of  species  density  to  a  sum  of 
contributing  formation  terms  less  a  sum  of  depletion  terms, 
viz.. 

^  1 :/>,*.  11) 

al  /  k 

Here  A',  is  a  particular  species  density,  the  /"s  are  the  forma¬ 
tion  terms,  and  the  D' s  the  depiction  terms.  For  example, 
consider  a  simple  chemical  reaction  of  the  form  A  +  B  -»  C  +  D. 
whose  forward  rate  is  characterized  by  a  rate  constant  A ;  if  the 
species  densities  arc  expressed  in  cm"3 .  the  units  of  A'  are  em'/s 
(a  unit  of  "particles"  or  molecules  being  understood  in  the 
numerator  of  the  former  and  the  denominator  of  the  latter). 
For  this  reaction,  the  rate  equations  defining  species  C  andf) 
would  contain  the  formation  term 

F  =  klA]  [/?); 

at  the  same  time,  the  equations  defining  species  A  and  B  would 
contain  the  depletion  term 

D  =  k[A\[B\. 

It  has  been  found  to  be  highly  useful  to  code  the  equations 
to  the  greatest  extent  possible  in  symbolic  format.  The  equa¬ 
tions  themselves  are  specified  in  an  input  data  list  in  chemical 
reaction  format,  with  the  appropriate  reactants  and  products 
expressed  as  symbolic  names.  The  rate  constants  are  included 
in  this  list,  along  with  flags  specifying  the  conditions  of  their 
definition  and  sequence  and  source  ipformation.  Some  of  the 
rate  constants  must  be  undated  during  the  computation,  being 
functions  of  gas  temperature  or  electron  energy  distribution. 
The  differential  equations  of  ihe  form  of  ( 1 )  are  then  generated 
internally  by  the  computer  code.  This  method  not  only  makes 
it  much  easier  to  alter  the  set  of  equations  (by  addition  or  de¬ 
letion  of  terms  or  reactions,  or  by  change  of  reaction  rates),  it 
also  greatly  reduces  errors  attendant  to  such  alterations,  errors 
which  arise  with  remarkable,  almost  spontaneous,  ease  in  the 
complex  tangle  of  reactions.  Further,  symbolic  manipulation 
makes  the  definition  and  computation  of  a  variety  of  output 
and  diagnostic  quantities  much  easier.  Finally.it  makesasingle 
code  the  easily  adaptable  basis  for  simulation  of  a  wide  variety 
of  laser  systems  and  chemical  kinetics  experiments:  the  entire 
composition  of  the  simulated  gas  may  be  changed  without 


60 


JOHNSON  «•»  at  IIU.H  I’OW  I  K  l.AS  l.  AS1  KS 


altering  (he  code  itself  Experience  has  shown  that  an  ade¬ 
quate  symbolic  system  is  one  which  employs  names  of  up  to 
six  alphanumeric  characters  and  defines  reactions  with  up  to 
four  reactants  and  five  products  each. 


Integration  Schemes 

Several  different  integration  schemes  for  the  chemical  kinet¬ 
ics  equations  have  been  used  successfully  with  these  techniques 
in  simulating  KrF  and  XeF  lasers.  The  reaction  rates  in  these 
systems  may  vary  by  ten  orders  of  magnitude  or  more,  as  may 
species  concentrations.  However,  it  has  not  been  found  to  be 
necessary  to  employ  any  of  the  more  sophisticated  techniques 
developed  to  solve  nonlinear  sets  of  “stiff"  equations.  This  is 
a  result  of  the  physical  system  itself.  Most  of  the  species  den¬ 
sities  rise  extremely  steeply  in  the  first  tenth  of  the  simulation 
time,  requiring  that  the  fastest  rates  define  timesteps:  later  in 
the  pulse,  species  densities  tend  to  flatten  out  together,  per¬ 
mitting  quite  long  timesteps  for  all  species,  regardless  of  rate 
constant. 

Simulations  on  the  AS C  computer  have  used  a  fourth-order 
Runge-Kutta-Treanor  [4|  algorithm,  which  provides  for  stiff 
systems.  Both  upper  and  lower  limits  to  timestcp  size  are  user- 
specified  through  maximum  limits  on  changes  in  the  /V,  or 
dS,!dt.  Limits  of  5  percent  change  per  timcstep  have  been 
found  to  be  sufficient  for  accuracy.  Integrations  requiring  a 
few  thousand  timesteps  (for  a  1-2  ps  laser  pulse)  for  systems 
of  20  species  and  100  reactions  take  about  10  s  of  CP  time. 

The  CDC  7600  versions  of  these  simulations  have  also 
been  run  with  a  fourth-order  predictor-corrector  Hamming's 
method.  However,  detailed  comparisons  of  simulation  of  KrF 
experiments  using  both  Hamming's  method  and  a  far  simpler 
modified-Newton's  method  integrator  have  shown  the  latter  to 
be  fully  as  accurate  when  used  with  a  restrictive  flux  limiter  on 
V,  and  dNjjdt ,  the*few  extra  integrations  required  for  accuracy 
are  more  than  compensated  by  the  increased  speed  per  time- 
step.  The  flux  limiter  has  two  steps.  Assuming  that  a  standard 
timestep  DT  has  been  set  (or  calculated  as  the  remaining  time 
in  a  longer  edit  interval),  first  calculate 


m, 


=  abs 


'  !\  ' ;V,  +  100  \ 
\dNjidt)  +  I  O'100/ 


(2) 


where  fx  is  an  arbitrarily  chosen  fraction  (usually  0.05,  as 
above)  The  extra  numbers  in  numerator  and  denominator  are 
obviously  to  prevent  zeros  from  fouling  the  calculation.  (Com¬ 
pared  to  all  real  N 100  is  a  very  small  number.)  Then  com¬ 
pare  DT  to  (A7j)i  ■  /2  for  all  species,  where  /2  is  another  user- 
specified  fraction ;  if  DT  is  smaller  than  each  of  these,  it  remains 
the  timestep  For  .V,  for  which  DT  is  larger,  calculate 
,  /  A;V,  +  I0"90  \ 


where  A/V,  is  the  change  in  (V,  over  the  last  timestep,  and 
AidNJdt)  the  change  in  formation/depletion  rate  over  the  last 
timestep.  DT  is  then  reset  as  the  smaller  of  (AT,  ),  and  (Ar,)2 . 
Using  this  flux  limiter,  the  modified-Newton's  method  inte¬ 
grator  performs  the  benchmark  integration  just  described  in 
about  4  s  of  CDC  7600  time. 


Electron- Hearn  I'umping 

In  electronic  transition  lasers,  the  first  step  in  the  kinetics 
chain  leading  to  extraction  of  laser  energy  is  the  deposition  of 
energy  in  the  diluent  gas  by  eitliei  photons  or  elections,  in 
high-power  lasers,  electron-beam  pumping  is  usually  chosen  in 
preference  to  flashlamps  Relativistic  electrons  deposit  energy 
as  ionization  and  direct  excitation,  calculation  of  the  iates  o| 
these  reactions  can  be  done  a  variety  of  ways  In  one  of  the 
applications  reported  here,  the  stopping  power  calculations  of 
Berger  and  Seltzer  [5]  were  used  It  is  necessary  to  modify 
these  calculations  by  a  numerical  factor  (typically  between  2 
and  3)  to  account  for  the  zigzag  path  the  electrons  follow 
through  the  gas.  Calculations  by  Hunter  |6|  have  correlated 
existing  experimental  data  to  provide  this  multiplicative  taclor 
as  a  function  of  beam  energy .  The  otliei  application  used  re¬ 
sults  ol  a  detailed  electron  transport  code  |7|,  jS)  which  ac¬ 
counts  for  the  beam’s  path  deviations  and  allows  fot  losses  of 
incident  electrons  to  backxatteriiig. 

Whichever  method  is  used,  the  ionization  and  excitation 
rates  are  calculated  initially  (either  by  hand  or  in  the  initial 
executive  portion  of  the  code)  to  correlate  to  the  specific 
e-beam  energy  desired.  They  are  then  supplied  directly  as  loss 
and  gain  terms  in  the  rate  equations  for  the  species  gaining  oi 
losing  in  number  density  multiplied  by  an  input -specified 
constant  for  the  e-beam  current  density.  This  multiplier  can 
also  be  defined  as  a  function  of  time  to  allow  for  real  variations 
in  e-beam  current.  So.  for  example,  the  F  terms  |(  1  )|  for 
ionic  species  would  include  contributions  from  the  beam,  as 
would  the  /•’  terms  for  excited  states.  About  three  limes  more 
ions  than  rnctastablcs  are  created  directly  by  the  e-beatn. 

Obviously,  this  method  is  also  appropriate  for  optically  ex¬ 
cited  media,  with  appropriate  redefinition  of  constants. 


Lasing.  Fluorescence .  and  Absorption 

Production  of  radiation  in  the  laser  cavity  is  treated  by  a  uni¬ 
form  gain  approximation.  This  approximation  is  generally 
good  when  the  laser  is  operating  at  or  near  saturation  and  when 
there  are  no  major  nonuniformities  of  lasing  states  in  the 
medium.  For  situations  in  which  the  gain  cannot  be  approxi¬ 
mated  as  uniform  throughout  the  cavity,  one-  or  two-dimen¬ 
sional  optics  codes  (discussed  later  in  this  section  I  must  be 
coupled  into  the  kinetics  solution. 

The  differential  equation  defining  the  rate  of  change  of  in¬ 
tracavity  laser  intensity  is 


dl, 

—  =c//.(a  -  <*Ih  ) 


(4) 


where  lL  is  the  intensity  in  W/cm; ,  a  is  the  net  gain,  and  Q,|,  is 
the  threshold  gain,  the  gain  needed  to  overcome  round-trip 
mirror  losses.  These  are  defined  as 

a  =  OsAKt  ~  Kni  -  T.  >»*>• •  ( 5 > 


I 


In  (/?,/?:). 


(6) 


61 


292 


ILfcfc  JOURNAL  OF  QUANTUM  ELECTRONICS.  VOL  QF  IS.  NO  5.  MAY  1979 


The  term  ose(Nul  -  Nn)  is  the  small-signal  gam,  in  which  Nul 
and  Nti  are  the  number  densities  of  the  upper  and  lower  laser 
levels,  respectively,  and  ose  is  the  stimulated  emission  cross 
section,  defined 

*■-(&)(=)• 

in  which  X  and  v  are  the  wavelength  and  frequency  at  line 
center,  r,  is  the  spontaneous  lifetime  of  the  upper  laser  level, 
and  Av  is  the  spontaneous  linewidth  at  half  maximum.  The 
remaining  terms  are:  ( oab)n  and  M„  are  the  photoabsorption 
cross  sections  and  number  densities  of  species  n:lc  is  the  cavity 
length  (distance  between  mirrors);  and  R,  and  /?2  arc  the 
mirror  reflectivities. 

The  spontaneous  emission  term  is  calculated  as 


‘Hi 

dr 


(8) 


where  hv  is  the  laser  photon  energy.  Most  of  the  spontaneous 
emission  is  lost  as  sidelight  fluorescence.  Tire  small  fraction 
directed  within  the  effective  laser  solid  angle  is  added  to  the 
right-hand  side  of  (4);  this  fraction  is  typically  about  I0“5- 
10"'’.  The  remainder  is  discarded  in  the  calculation  of  the 
laser  flux,  but  is  accounted  for  in  determining  energy  lost  by 
side  fluorescence. 

After  the  intracavity  intensity  has  been  updated,  the  instan¬ 
taneous  output  intensity  is  given  by 
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Fig.  2.  Zoning  for  optical  resonator  computations. 


The  electric  field  is  computed  for  N  points  at  each  optical 
element.  These  points  are  equally  spaced  so  that  a  fast  Founer 
transform  (FFT)  can  be  used  to  perform  the  requited  discrete 
Fourier  transforms.  The  optical  coordinate  system  expands 
with  the  geometrical  opiical  rays  so  that  each  element  is  re¬ 
solved  equally  well  with  N  points.  The  electric  field  is  repre¬ 
sented  as  a  linear  combination  of  plane  waves 

Ufa)  =  J  A,(fx)e»p  [i2*fxx\  dfx.  (II) 

The  Fourier  spectrum  is  propagated  analytically  from  one  op¬ 
tical  element  to  the  next  by  the  transfer  function  //,(/,,  A z,) 

HAfx)-  e'kl  exP  -irtXAzJl  (1 2) 


The  denominator  is  this  equation  arises  from  considering  both 
left  and  right  traveling  waves.  The  total  laser  energy  radiated 
is  simply  calculated  as 


where  rp  is  the  total  pulse  length. 

Physical  Optics  Simulation 

Optical  resonator  computations  are  performed  using  a  Fou¬ 
rier  optics  propagation  algorithm  developed  by  Salvi  [9| .  The 
details  of  the  optics  theory  are  discussed  in  [10]  and  [11). 
For  computational  purposes  the  laser  cavity  is  represented  by 
a  series  of  discrete  optical  elements  oriented  transverse  to  the 
optical  axis  as  shown  in  Fig.  2.  Two  of  these,  M,  and  M2 ,  are 
the  mirrors  of  a  positive  branch  confocal  unstable  cylindrical 
strip  resonator.  The  elements  S,  between  the  mirrors  are  gain 
sheets.  The  amplification  and  phase  transformation  that  the 
electric  field  experiences  in  propagating  through  a  gain  region 
of  thickness  A z  is  accounted  for  in  one  operation  at  each  gain 
sheet.  The  tnickness  Az  is  kept  sufficiently  small  that  the 
average  intensity  within  a  gain  region  is  approximated  well  by 
(IflgAz)  -  1).  The  intensity  entering  gain  region  i  from 
the  left  is  /,*  The  corresponding  intensity  entering  from  the 
right  is 


so  that  the  electric  field  at  the  next  optical  element  is  given  by 

tf/Ai(*)  =  J  AUx(fx)exp\i2rtfxx\dfx  (13) 

where  A,-,,  =  AjHi(fx).  Propagation  is  done  in  frequency 
space;  amplification  and  phase  transformation  are  done  (dis¬ 
cretely)  in  configuration  space. 

The  transfer  function  has  a  strong  oscillatory  character  com¬ 
pared  with  the  relatively  slowly  varying  Fourier  spectrum. 
Since  H(fx )  depends  on  the  resonator  geometry  only,  H  is 
carefully  averaged  using  a  fine  mesh  for  each  of  the  discrete 
spatial  frequencies.  This  minimizes  sampling  errors  and  allows 
a  relatively  coarse  mesh  to  be  used  in  computing  V. 

The  number  of  points  used  to  compute  the  electric  field  is 
large  compared  with  the  number  of  points  used  to  represent 
the  intensities  //  and  If  that  are  used  in  the  kinetics  calcula¬ 
tions.  The  laser  medium  is  typically  divided  into  30  cells,  10 
of  which  are  assigned  to  each  of  3  gain  sheets.  This  fluid  reso¬ 
lution  has  been  adequate  to  simulate  1-  and  2-m  long  cavities 
in  KrF  lasers.  The  electric  field  is  underresolved  even  with 
512  points  for  each  optical  element.  Values  of  A  in  excess  of 
30  000  are  required  to  resolve  each  of  the  resonate  r  Fresnel 
zones  adequately.  The  larger  number  of  points  serves  to  resolve 
the  small  amplitude,  high  frequency  oscillations  in  the  electric 
field.  Since  these  oscillations  are  unimportant  in  power  ex¬ 
traction  calculations  and  a  relatively  small  N  allows  predictions 
of  uniform  optical  phase  in  the  resonator  (as  expected  for 
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large  Fresnel  numbers),  values  of  .V  ranging  between  04  and 
512  have  been  used  m  computations.  Plots  ol  intensity  and 
phase  distributions  of  the  field  for  two  typical  calculations  are 
presented  in  Section  V 

I  fie  temporal  advancement  of  kinetics  and  optics  calcula¬ 
tions  is  treated  sequentially.  The  kinetics  variables  in  each  of 
the  fluid  cells  are  advanced  over  a  period  Ar  while  holding  the 
cavity  intensity  constant.  The  kinetics  variables  are  then  held 
constant  while  the  optical  field  is  propagated.  It  is  necessary 
that  the  laser  gain  does  not  change  significantly  during  A/.  If 
A/  is  not  controlled  carefully,  the  relaxation  oscillations  that 
result  from  coupling  the  laser  medium  to  the  radiation  field 
can  cause  undamped  numerical  instabilities.  We  have  used  a 
Af  corresponding  to  half  of  a  photon  round  tup  in  the  reso¬ 
nator,  although  this  approaches  the  limit  of  numeric  al  stability 
for  a  2  ill  cavity. 


Ill  DisotAKt.t  Mom  lino 

The  remaining  source  of  pump  powrer  to  the  laser  medium, 
the  electric  discharge,  must  now  be  discussed  in  greater  detail. 
The  application  of  an  electric  discharge  can  he  a  very  efficient 
means  of  supplying  lasing  energy,  hut  it  introduces  a  great 
many  difficulties  to  both  the  experiment  and  the  simulations. 

The  pioblems  for  simulations  stem  from  the  fact  that,  in  the 
presence  of  an  electric  discharge,  the  electron  distribution  func¬ 
tion  is  no  longer  Maxwellian.  The  rates  for  all  those  processes 
directly  involving  the  secondary  electrons  accelerated  in  the 
discharge  ioni/.ation.  excitation,  attachment,  and  recombina¬ 
tion  depend  upon  the  precise  shape  of  the  electron  distribu¬ 
tion  function.  Hence,  a  solution  must  be  obtained  to  a  Boltz¬ 
mann  equation  defining  that  distribution  function,  and  the 
relevant  processes'  cross  sections  integrated  over  that  distribu¬ 
tion  function. 

For  the  lasers  discussed  here,  and  indeed  for  most  electronic- 
transition  lasers  currently  under  investigation,  it  is  fortunately 
adequate  to  assume  that  the  electron  distribution  thermali/es 
on  timescales  short  compared  to  other  processes  of  interest. 
In  discharge-pumped  KrF  mixtures,  for  example,  this  time  is 
calculated  to  be  a  small  fraction  of  a  nanosecond,  while  typical 
chemical  kinetics  timesteps  are  several  nanoseconds  or  more. 
Thus,  it  is  adequate  to  solve  a  steady-state  Bolt/mann  formula¬ 
tion  al  regular  intervals  in  the  kinetics  calculation,  rather  than 
to  attempt  a  complete  time- dependent  solution  of  the  Boltz¬ 
mann  equation  in  parallel  with  the  kinetics  (which  would 
prove  to  be  a  calculation  too  long  to  be  of  practical  interest). 

Hence,  we  present  here  a  convenient  and  fast  procedure  for 
solving  a  steady-state  Boltzmann  equation  to  obtain  quantities 
of  interest  for  laser  kinetics.  Fxperience  with  particulai  gas/ 
discharge  systems  will  teach  the  user  how  often  the  Boltzmann 
routine  need  be  called  during  each  kinetics  simulation.  In  gen¬ 
eral,  it  is  adequate  to  prescribe  that  the  routine  he  called  when¬ 
ever  the  electron  density  (calculated  by  the  kineiicscquations). 
average  electron  temperature  (estimated)  or  gas  tenrperature 
(calculated  by  the  heat  balance  equation)  changes  by  10 
percent. 


Boltzmann  Transport  T  quart  si 

f  lie  steady  -state  Boltzmann  equation  Dm  r  he  e lest  ion  cue :gv 
distribution  function  twlieie  n  is  the  election  kinetk  eticgy  is 
eV  )  can  he  written  1 1  2  | 
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where  J  is  the  elastic  field  strength.  \  is  the  total  gas  pjjnJr 
density  .  c  and  in  .tie  the  electron  charge  and  mass,  respect tv  civ . 
k  is  Boltzmann's  constant,  jnd  T  is  the  moleculat  tempeuimc 
The  mean  moleculai  weight  M  is  .akulatcd  by  summing  ovei 
all  the  mixiuie  components. 

M  =  ^M"(,n.  i  15) 


where  M"  is  the  moleculai  mass  of  component  n  and  <i"  is  its 
mole  fraction.  The  mole-weighted  momentum  transfer  cioss 
section  Q,  is  calculated  from 

QiUi>='EVn,t‘<>(;"  HO 

n 


while  the  reciprocal-mass  weigh.td  momentum  ttanstei  cross 
section  (J:  is  given  by 


Qi  («>  =  Z 


(1-1 


In  these  expressions.  is  the  total  electron  momentum 

transfer  cross  section  for  a  collision  between  an  electron  ot 
energy  u  and  the  nth  gas  component. 

The  /th  inelastic  piocess  involves  an  electron  energy  loss  of 
it,  and  has  a  cross  section  of  Q,{u).  while  the  /th  superelastic 
processes,  involving  an  electron  energy  gam  of  u,,  has  a  cioss 
section  ot  Q.,{ul  The  superelastic  cross  section  is  derived 
from  the  inelastic  cross  section  hv  the  principle  of  detailed 
balance,  viz.. 


£>-,(«)  =  — Q,(n  *n,l  (18) 

u  '  ’ 

The  electron  energy  distribution  function  J  is  normalized  so 
that  f~ul,2f{u)du  =  1.  Thus  \eult2f[u)  du  (where  At.  is  the 
total  electron  density)  is  the  number  density  of  electrons  with 
energies  in  tire  range  from  u  to  w  +  du. 


Difference  Version 

Taking  straightforward  difference  of  the  derivative  terms  in 
(14).  the  equation  can  he  cast  easily  in  one-dimensional  ri- 
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diagonal  form  for  the  independent  variable  f 

(fi  .4)/;.,  =(,1  T  «)/,.,  +(r  ZA\!\  +  5  (19) 

where  (lie  quantities  A .  B.  C.  and  S  are  defined 
,  t  /  /'  V  u  ZmkT  , 

=  q,  +  T/7"  “  ^  ,:o> 


= 


i(a)* 

1  u  dQt 

3  liV  / 

,Qi  Q\  Ju 

2  m  , 

+  —  u'Q, 
M 


ZmkT 

Me 


ZuQ2  +  u 


du 


Cl) 


Zm 

M 


ZuQ2  +  u 2 


JQ2 

du 


and  S  represents  the  last  four  summations  in  ( 1 4). 


(22) 


Assumptions.  Approximations,  and  Solution 
Several  types  of  electron  collision  processes  are  considered. 


Schematically,  these  are 

Are'  -A*re'  (atomic excitation)  (24) 

AB  +  e'  -  A  +  B  +  e"  (molecular  dissociation)  (24) 

A  +  v~  ~  4*  +  2  e~  (ionization)  (25) 

AB+e'  -  A'  +  B  (dissociative  attachment)  (26) 

AB‘ r  e'  -  A*  +  B  (dissociative  recombination)  (27) 

A*  +  c~  -»  A  +  e~  (superelastic  collision)  (28) 

A*  +  B  -  B'  +  zl  re'  (Penning  ionization).  (29) 


Here  zt  and  B  represent  two  atoms  in  the  gas  mixture  and  e~  is 
and  electron.  The  asterisk  refers  to  an  electronically  excited 
atom  while  the  superscript  plus  sign  designates  an  ion.  One 
may  also  have  multiply  excited  states,  excited  front  both  the 
ground  state  and  lower-lying  metastables;  ionization  of  meta¬ 
stables;  molecular  ion  processes,  in  short,  all  possible  combina¬ 
tions  of  such  reactions. 

Processes  (23).  (24),  and  (28)  involve  no  loss  or  gain  of  elec¬ 
trons  but  only  a  redistribution  in  energy,  and  thus  the  contri¬ 
butions  of  these  processes  to  the  electron  energy  distribution 
function  are  treated  exactly  by  this  algorithm.  The  other  pro¬ 
cesses,  (25),  (26).  (27),  3nd  (29)  involve  either  the  gain  or  loss 
of  an  electron  and  certain  assumptions  are  made  in  the  treat¬ 
ment  of  these  processes.  For  ionization  (Reaction  (25)|,  it  is 
assumed  that  the  incident  electron  loses  an  amount  of  energy 
equal  u>  the  ionization  potential  of  zt  and  the  secondary  elec¬ 
tron  is  created  with  zero  energy.  Furthermore,  the  effect  of 
these  newly  created  zero-energy  electrons  on  the  electron 
energy  distribution  function  is  ignored  (although  their  contri¬ 
bution  to  the  total  electron  density  is  accounted  for  by  the 
chemical  kinetics  equations).  Similarly,  electrons  created  by 
Penning  ionization,  process  (29),  are  ignored  as  far  as  their 
effect  on  f  is  concerned  but  are  accounted  for  trs  computing 
the  total  electron  density  in  the  kinetics.  A  comparison  of  the 


number  ol  electrons  produced  hy  electron  impact  lom/aiion 
and  by  Penning  ionization  with  the  number  produced  hv  e-beam 
ionization  is  made  after  each  run  to  assure  the  valuiitv  o!  ne 
glecting  the  effect  ot  the  tormet  electrons  on  l 
Dissociative  attachment  and  dissociative  recombination  (pro- 
cesses  (26)  and  (27).  respectively  .1  involve  the  loss  ol  electrons 
from  a  continuum  of  energies  hut  no  sub  |uern  creation  at 
other  energies.  These  arc  treated  in  the  b  ilt/mann  code  by 
including  an  inelastic  loss  term  hui  no  gain  term 
The  recursion  relation  ( Id)  i> solved  hy  the  following  method 
Suppose  that  the  energy  axis  has  been  divided  into  /  bins,  each 
of  width  A u.  Choose  a  small  number,  say  10  ‘x\  and  set 
/(/)-/(/-  I)  -  10~2°.  Then  using  (19)  solve  to-  jll  f\u) 
down  to  /( I ).  Whenever  a  particular  value  of/(nl  becomes 
greater  than  IO!0.  multiply  all  values  calculated  thus  tar  by 
10  20  and  proceed.  When  all  ){u )  have  been  calculated,  nor¬ 
malize  the  distribution  as  specified  Tins  process  straight¬ 
forwardly  deals  with  all  elastic  collision  terms  and  with  all 
inelastic  terms  ionization,  excitation,  attachment,  and  dis¬ 
sociative  recombination  which  remove  energy  from  the  elec¬ 
tron  gas. 


Superelastic  Collisions 

These  inelastic  collisions,  also  known  as  "collisions  of  ihe 
second  kind,”  cause  difficulties  for  a  solution  technique  which 
moves  down  the  energy  axis  because  they  scalier  electrons  up 
the  energy  axis;  thus  ari  iterative  solution  is  necessary.  The 
trial  solution  tor  /(u)  is  obtained  exactly  as  before,  ignoring 
the  existence  of  the  superel  >lic  terms. 

At  this  point,  approximate  values  of/exist  at  all  grid  points 
allowing  an  estimate  of  the  summation  involving /(u  -  u;)  in 
(14).  Several  iterations  are  then  performed  to  yield  successively 
better  approximations  for  /.  The  superelastic  terms  are  intro¬ 
duced  partially  for  the  first  iteration  by  multiplying  their  con¬ 
tribution  by  ~-IO'3-10'2.  For  each  successive  iteration,  this 
multiplying  factor  is  increased  until  it  remains  at  unity  for  the 
last  few  iterations.  Typically,  from  four  to  six  iterations  are 
required  for  convergence. 

Electron-Electron  Interactions 


Collisional  processes  within  the  electron  gas  can  be  of  great 
significance  in  discharge-pumped  lasers  when  the  electron  den¬ 
sity  in  the  gas  grows  great  (in  excess, 'roughly,  of  2  X  1014 
cm"3)  (13) .  These  densities  will  occur  when  the  gas  is  pumped 
hard  with  the  discharge,  or  when  the  discharge  is  run  in  a  self- 
sustained  mode.  Flectron-electron  interactions  change  the 
electron  distribution  function,  tending  to  drive  it  toward  a 
Maxwellian  distribution  at  temperature  Te,  without  adding 
energy  to  the  electron  gas. 

In  velocity  (iz)  space,  the  electron-electron  collision  operator 
is  |I4| ,  [  1 5 1 


Y 

v1  dv 


/i(v)/8(e)+ —  (/?+-/?,) 


Vi 

de 


(30) 

where  JVe  -  //(,  d3v.  is  the  electron  number  density  with / J  in 
units  of  s3  ■  cm'6 
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Z»S 


e  =  mv2/2 

Y 


I 

and 

J?. 


S4>r(~— )  In 
\4rre„m/ 

/“  s  4rr  f  fix2  dx 

.*r 

V1  l 


f'0x*  dx 


''s4wvJ 


flxdx. 


Using  a  normalized  distribution  function,  /0”/o(u)«1/J  du  =  I, 
this  operator  can  be  rewritten  in  energy  |u)  space  as 


fdf„\ 

(~)  =  A,(4.84X  10'5)ln  Au1 
\  ol 


du 


fo(u)i°o(u) 


T'~  (1?  +  /-°,)~ 

3  du 


(31* 


where 


fox'12  dx 


where  N  is  the  iotal  gas  density  in  cm  *  and  (<*/„  '<>/ is  de¬ 
fined  by  (31);  because  of  ihe  constant  factor,  the  resulting 
term  will  have  ur.iis  cm2  •  eV'^2 


Rale  Coefficients  and  Transport  Properties 
Once  a  normalized  electron  distribution  function  has  been 
calculated,  it  is  a  simple  matter  to  calculate  the  rate  coeffi¬ 
cients  for  inelastic  kinetic  processes  by  integrating  (with,  for 
example.  Simpson's  rule)  the  appropriate  cross  section  over 
the  energy  range  of  Ihe  distribution  function  Since  the  elec¬ 
tron  velocity  v  is  given  by 


the  rale  coefficient  k,  for  process/  can  be  computed  from 


=  <<?,«> =  )  J  <J,iu\ufiu)du 


(33) 


Here.  Q,  is  the  appropriate  cross  section  for  ionization,  excita¬ 
tion,  deexcitation  (superelastic). attachment. oi  recombination. 

Other  important  transport  properties  of  the  discharge  gas 
can  be  obtained  by  similar  simple  integrations  These  include 
the  following. 

The  electron  drift  velocity 


and 

I 


fU  JoX^dx 
Jo 

•  ■*”/" 


/o  tix. 


-i(D&)T(s)£* 


The  transverse  diffusion  coefficient 


(34) 


(35) 


The  term  A  above  is  the  ratio  of  the  Debye  screening  radius  to 
the  impact  parameter  required  for  a  90°  deflection  of  an  elec¬ 
tron  in  a  binary  collision  with  another  electron.  We  assume 
In  A  is  constant  since  it  varies  slowly  with  Nt  and  Te.  The 
constant  4.84  X  10  5  is  a  unit  conversion  factor  which  incor¬ 
porates  Y  and  allows  the  electron  mass  to  be  expressed  in 
grams. 

Since  this  operator  effectively  represents  a  diffusive  prucess 
in  energy  space,  it  will  scatter  electrons  up  the  energy  axis  as 
well  as  down;  hence,  like  the  superelastic  collision  term,  it 
must  be  solved  iteratively.  Fortunately,  the  electron-electron 
operator  can  be  included  in  the  coding  along  with  the  super- 
elastic  operator,  in  the  same  iteration  loop,  no  numerical  dif¬ 
ficulties  arise  from  their  conjunction,  and  whatever  criteria  are 
necessary  for  gradual  introduction  of  the  superclastic  term  will 
be  more  than  sufficient  for  the  electron-electron  term.  Thus, 
although  considerable  extra  algebra  is  added  by  the  electron- 
electron  term,  additional  costly  iterations  to  the  solution  of f 
arc  avoided.  To  be  consistent  in  cgs  units  and  energy  in  eV, 
Ihe  correct  term  to  include  in  the  iteration  is 


The  electron  mobility 
w 


The  average  electron  energy: 

u=  I  u3/J  /  du, 

** o 

and  the  electron  characteristic  energy: 


(36) 


(37) 


(38) 


Power  Balance 

Once  the  electron  energy  distribution  function  is  known,  the 
partitioning  of  the  discharge  power  (product  of  discharge  volt¬ 
age  and  current)  into  the  various  energy  channels  of  the  laser 
gas  can  be  computed.  The  balance  of  this  power  provides  a 
numerical  check  on  the  Boltzmann  equation  solver,  while  par- 
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TABLE  I 

Dir  H5ROL  PoWtll  DiHMI 


PROCESS 

CROSS  SECTION 

ENERGY  TRANSFERRED 

RATE  OF  ENERGY  TRANSFER 

PER  COLLISION 

PER  UNIT  VOLUME 

Momentum 

transfer 

Qm,J 

~  a 

2m  u 

M 

2m  N  N  /2e\'’  C  Q  .  u2  f  du 

^  e  3  J  -.1 

Excitation 

Qe,J 

A  E  . 

P.j 

A  E  .  N  N.  / 2e)ts  r  Q  u  f  du 

P*J  e  J  Uv  J 

Ionization 

V) 

A  E  . 

P.j 

AE  ,  N  It,  ,  , 

P,J  e  1  w  JVi  “ 

Attachment 

Vi 

b 

u 

N*  NJ  (t/5  “2  f  du 

Recombination 

V) 

b 

u 

NJ  M1  /Vi  f  du 

Superelastic 

Vi 

-AE  / 

P.j 

Vi  V)  JVi  “  f  dU 

Power  in  per  unit  volume  ■  EJ„  *  E  e  N  w 
r  D  e 

^Average  energy  transferred  per  collision 

‘All  of  the  electron  energy  is  lost 

Energy  is  returned  to  the  electrons 

titionuig  provides  insight  into  tne  processes  responsible  for 
limiting  or  enhancing  laser  efficiency. 

The  electrons  gain  energy  by  being  accelerated  in  the  applied 
electric  field.  The  rate  of  gain  of  electron  energy  per  unit  vol¬ 
ume  is  EJ  D  =  EeNrw,  where  JD  is  the  discharge  current  den¬ 
sity.  Some  of  this  energy  is  transferred  to  the  gas  particles 
through  the  several  types  of  collisional  processes.  The  rate  of 
transfer  of  energy  per  unit  volume  for  a  particular  binary  pro¬ 
cess  p  involving  the  collision  of  an  electron  and  a  particle 
designated  by  subscript  /  is 

|  A  EpiQpiufdu  (39) 

o 

where  Qpl  is  the  cross  section  for  process  p,  and  AEpi  is  the 
average  electron  energy  lost  in  the  collision.  The  energy  trans¬ 
fer  rates  for  specific  electron  collisional  processes  of  particular 
interest  are  shown  in  Table  I. 

External  Grcuit  Coupling 

When  simulating  an  existing  laser  experiment,  the  measured 
temporal  waveform  of  the  discharge  voltage  VD(t)  is  used  as 
an  input  parameter  to  the  code.  However,  when  the  code  is 
operated  in  a  predictive  mode,  one  must  be  able  to  compute 
the  time  history  of  VD  by  coupling  the  external  circuit  param¬ 
eters  to  the  discharge  kinetics. 

The  method  for  achieving  this  coupling  is  described  here  by 
considering,  as  a  particular  example,  the  circuit  shown  sche¬ 
matically  in  Fig.  3.  This  circuit  contains  three  elements  with 


properties  (capacitance,  inductance,  and  resistance)  which  re¬ 
main  constant  in  time  and  a  fourth  element  (the  laser  dis¬ 
charge)  having  a  time-varying  impedance  which  depends  on  the 
other  three  circuit  elements,  the  discharge  kinetics,  and  the 
external  ionization  source.  The  discharge  impedance  ZD  can 
be  expressed  as 


7  -  __5  -  . 
Z  n 


Ed 


I  NrAew 


(40) 


where  VD  is  the  potential  across  the  discharge,  /  is  the  current 
in  the  circuit,  w  is  the  electron  drift  velicity  |(34)| ,  andr/  and 
A  are  the  discharge  gap  length  and  area,  respectively. 

If  one  selects  three  independent  variables  which  describe 
the  LRC  circuit  of  Fig.  3  to  be  the  discharge  current  /.  the  dis¬ 
charge  voitage  yD,  and  the  time  derivative  of  the  discharge 
current  dlldt  (define  G  =  dlldt).  then  three  differential  equa¬ 
tions  involving  these  variables  may  be  derived  in  a  straightfor¬ 
ward  manner  by  applying  Kirchoff's  laws  to  the  LRC  circuit: 


(41) 

(42) 

(43) 


dV p  _  jjC  dN, 

dt  ~[eA~  dl  U \  Nr(dw/dVD)' 

dG  I" dVD  _  /I  I 

dt  L  dt  Cj  L 


<// 

dt 


=  G. 


The  following  relationship  between  the  current  and  the  drift 
velocity  was  used  in  deriving  (40)  and  (4 1 ): 
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I  ig.  3.  Diagram  of  an  LRC  circuit  coupled  to  discharge. 

l  =  JDA=ewNtA,  (44) 

where  JD  is  the  discharge  current  density.  The  time  rate  of 
change,  dNJdt,  of  the  electron  density  is  determined  from  the 
solution  of  the  chemical  kinetics  equations. 

'  Since  (41)-(43)  are  a  set  of  coupled  first-order  linear  differ¬ 
ential  equations,  they  may  be  appended  to  the  set  of  chemical 
kinetics  equations  and  solved  using  the  same  algorithm.  Thus 
the  kinetics  integrator  keeps  track  of  (and  requires  starting 
values  of)/, dl/dl,  and  VD. 

The  electron  drift  velocity  and  hence  its  derivative  with  re¬ 
spect  to  discharge  voltage  dw/dVD  depend  mainly  on  VD. 
They  are  coupled  to  the  particle  kinetics  through  their  weaker 
dependence  on  fractional  excitation  and  ionization  but  this 
effect  was  tested  and  found  to  be  small  enough  to  ignore  for 
the  present  purposes.  This  negligible  dependence  allows  the 
circuit  equations  to  be  merged  into  the  set  of  chemical  kinetics 
equations  and  solved  on  the  same  time  grid  along  with  the 
latter  without  frequent  calling  of  the  time-consuming  Boltz¬ 
mann  equation  solver.  A  table  giving  the  functional  depen¬ 
dence  of  dw/dVD  on  VD  is  generated  initially  for  an  average 
estimated  fractional  excited  state  density  and  ton  density  and 
for  the  range  of  VD  expected  in  a  given  simulation.  This  table 
is  then  interpolated  to  obtain  the  value  of  dw/dV d  required 
during  the  kinetics/circuit  integration. 

The  absolute  value  of  E/N(=VDINd )  is  fed  into  the  Boltz¬ 
mann  transport  equation  solver  when  required  to  compute  an 
updated  electron  energy  distribution  function. 

The  power  PD  and  the  energy  ED  deposited  in  the  laser  gas 
by  the  discharge  are  compared  with  the  laser  power  and  energy 
output  to  determine  intrinsic  laser  efficiency.  These  quantities 
are  given  by 

PD=VD1  and  Ed  -J VDI  dt. 

Obviously,  this  procedure  can  be  adapted  to  accommodate 
an  external  circuit  of  arbitrary  topology  simply  by  deriving 
the  appropriate  set  of  differential  equations  analogous  to 
(4 1 )— (43). 

IV.  Output  and  Diagnostics 
A  well-calibrated  laser  kinetics  code  may  be  used,  like  any 
other  simulation  code,  as  a  design  aid  to  predict  the  perfor¬ 
mance  of  various  system  parameters.  The  code  may  actually 
be  more  useful,  however,  for  studying  experiments  that  have 
been  performed  than  for  predicting  the  results  of  future  experi¬ 
ments.  The  easy  accessibility  of  virtually  every  single  physical 
parameter,  many  of  which  cannot  be  measured  directly  (and 
are  costly  and  time  consuming  to  measure  inferentially),  is 

l 


what  makes  such  a  code  an  invaluable  tool  in  understanding 
complexly  interactive  systems,  such  as  the  rare-gas-halide  lasers. 

It  is  important,  then,  that  one's  output  parameters  be  carefully 
designed  to  provide  the  most  useful  information. 

Assuming  that  a  standard  output  interval  has  been  established 
as  a  small  fraction  of  the  entire  pulse  length  (pump  +  laser  + 
afterglow),  several  quantities  are  of  obvious  interest:  radiation 
parameters  (intensity,  energy  radiated,  fluorescence,  net  gain, 
total  absorption);  plasma  properties  and  power  balance  (as 
defined  in  Section  111);  and  the  intrinsic  or  "local''  efficiency 
of  the  pump  process.  This  last  is  defined  as  the  laser  energy 
radiated  divided  by  the  total  energy  deposited  in  the  gas,  and 
can  be  calculated  by  summing  all  the  excitations,  ionizations, 
and  heating  caused  by  the  e-beam  and  discharge.  There  other 
efficiency  quantities  are  of  interest.  The  creation  efficiency 
(number  of  upper  laser  levels  formed  divided  by  number  of 
ions  made);  the  radiation  efficiency  (number  of  laser  photons 
produced  divided  by  number  of  upper  laser  levels  formed);  and 
fluorescence  yield  (product  of  the  previous  two). 

For  e-beam  sustained  discharge-pumped  lasers,  several  other 
quantities  are  of  interest.  Most  frequently  used  is  the  discharge 
•enhancement,"  which  is  defined  (by  convention)  as  power 
deposited  by  the  discharge  divided  by  power  deposited  by  the 
e-beam.  Again,  this  quantity  can  be  calculated  exactly,  since 
the  precise  number  of  discharge-induced  excitations  and  ioni¬ 
zations  is  known;  it  is  useful,  for  purpose-  of  comparison,  to 
calculate  and  display  the  standard  approximation  to  discharge 
enhancement,  viz., 

f  -  (45) 

Appr"‘ 

m 

where  JD  and  E  are  the  discharge  current  density  and  field, 
respectively,  is  the  average  energy  per  ion  pair,  7  is  the  at¬ 
tachment  rate,  NA  is  the  number  density  of  attaching  species, 
and  n,  and  e,  are  the  total  number  density  and  ionization 
potential  for  ions  of  species  m  formed  by  the  discharge.  The 
ionization  rate  ratio  (the  ratio  of  instantaneous  values  of  the 
rates  of  ionizations  driven  by  the  discharge  and  ionizations 
driven  by  the  e-beam)  can  also  be  of  particular  interest;  when 
this  ratio  passes  about  0.3,  the  discharge  is  heading  for  insta¬ 
bility.  Finally,  the  metastable  loss  rate  ratio  (number  of  meta- 
stab'e  atoms  ionized  divided  by  number  of  metastable  atoms 
forming  the  upper  laser  level)  can  also  be  a  useful  measure  of 
discharge  performance. 

The  actual  temporal  variations  of  the  species  number  densi¬ 
ties  and  their  rates  of  change-printed  intermittently  and 
plotted  on  a  semilog  scale  at  the  end  of  the  pulse-are  invalu¬ 
able  raw  data,  onl,  a  small  fraction  of  which  can  actually  be 
measured  in  any  particular  experiment. 

Also  of  particular  value  in  analyzing  the  importance  of  vari¬ 
ous  kinetic  processes  is  the  display  of  the  total  contribution  to 
each  species’  formation  and  depletion  of  each  of  the  reactions 
which  affects  that  species.  With  this  data,  one  can  decide  pre¬ 
cisely  which  of  the  competing  energy  paths  dominates  the 
laser  performance.  One  can  also  decide  at  a  glance  which  reac¬ 
tion  rates  need  to  be  known  precisely  and  which  can  be  treated 
with  order-of-magnitiide  estimates. 
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TABLE  II 

KrF  Laser  Simi  lations 


EXPERIMENTAL  PARAMETERS 

EXPT  1 

EXPT  2 

Pumping  mechanism 

e-beam 

e-beam  sustained  discharge 

Total  Pressure  (atm) 

1 

2.01 

Mix:  Ar/Kr/F2 

93.3/6.6/0.1 

95.5/4.3/0.2 

e-Beam  Average  Current  Density  (Ampf  cm 

2> 

6 

2 

e-Beam  Voltage  (kilovolts) 

300 

400 

Electrical  Pulselength  (nanoseconds) 

300 

500 

Discharge  Average  Electric  Field  (KV/cm 

-atm) 

- 

2 

Volume  (liters) 

60 

30 

RESULTS 

EXPT 

SIMULATION 

EXPT 

SIMULATION 

Optical  Output  (joules) 

120 

124.8 

36 

39.6 

2 

Average  Optical  Flux  (Watts/cm  ) 

7xl05 

8.1xl05 

7xl05 

7.8xl05 

Local  Efficiency  (%) 

7.2 

8.0 

3 

3.4 

Discharge  Enhancement  Ratio 

— 

— 

2.4 

2.3 

Total  Absorption  (X  cm  *) 

7 

0.39 

7 

0.3 

gQ/ 8a  (small  signal  gain/absorption) 

6(?) 

9.3 

>4 

3.31 

Ionization  Rate  Ratio 

-- 

— 

7 

0.136 

V.  Results 

We  present  in  this  section  representative  resultsof simulations 
of  two  different  lasers,  krypton-fluoride  (KrF)  and  xenon- 
fluoride  (XeF),  done  with  two  different  codes. 

Two  KrF  simulations  are  summarised  in  Table  II  to  demon¬ 
strate  the  high  accuracy  with  which  these  methods  can  repro¬ 
duce  experimental  results.  Some  of  the  excellent  agreement 
between  simulation  and  experiment  shown  here  must  be  re¬ 
garded  as  fortuitous,  if  only  because  some  of  the  measured 
data  are  inferential.  However,  these  simulation  results  are  not 
chosen  because  they  are  the  closest  yet  obtained:  they  are  in 
fact  representative.  Similar  accuracy  has  been  obtained  in 
simulating  many  other  KrF  laser  experiments  performed  at 
Maxwell  Laboratories.  Inc.,  AVCO  Everett  Research  Labora¬ 
tories.  and  Northrop,  and  in  simulating  kinetics  and  absorption 
experiments  at  the  same  places  and  at  Stanford  Research 
institute. 

Some  of  the  general  features  of  KrF  lasers  run  at  room  tem¬ 
perature  can  be  observed  in  these  results.  The  total  energy 
density  was  relatively  low -about  2  J/l  in  experiment  I  and 
about  1  J/l  in  experiment  2-because  the  e-beam  currents 
were  low  and  because  experiment  1  was  run  at  1  atm  total 
pressure.  At  total  pressures  of  about  2-2.5  atm  and  e-beam 
current  densities  10  A/cm2  or  more,  one  can  produce  10  J/l 
reliably;  harder  pumping  can  more  than  double  this  number. 


but  at  severe  penalties  in  local  efficiency.  The  local  efficiency 
of  experiment  I  (~8  percent)  is  representative;  values  of  10-1 2 
percent  can  be  obtained  with  reliability  in  e-beam  pumped 
lasers.  Discharge-pumped  efficiencies  are  in  fact  typically 
lower,  though  by  a  factor  of  about  1.2,  rather  than  the  factor 
of  2  illustrated  by  these  experiments. 

Typically  results  of  one-dimensional  physical  optics  resonator 
simulations  are  shown  in  Figs.  4  and  5.  In  each  figure,  the  top 
drawing  shows  the  distribution  of  intensity  across  the  beam 
incident  on  the  output  mirror  of  an  unstable  confocal  resona¬ 
tor;  the  bottom  drawing  shows  the  phase  distribution  across 
the  beam.  Fig.  4  is  from  the  simulation  of  an  e-beam  excited 
laser  at  AVCO  Everett  Research  Laboratories.  The  cavity 
length  was  I  m,  with  7 1  percent  output  coupling;  the  e-beam 
current  density  was  11.5  A/cm2,  and  the  1 .2  atm  gas  was  par¬ 
titioned  97.5  Ar/2.3  Kr/0.2  F2.  Fig.  5  shows  results  of  an 
optics  simulation  of  experiment  2  in  Table  II.  The  flat  phase 
distribution  resulting  in  both  calculations  is  a  gratifying  result. 

More  detailed  versions  of  these  and  other  simulation  results, 
with  extensive  interpretation,  may  be  found  in  [I4| . 

As  an  example  of  XeF  modeling,  results  of  a  simulation  of 
an  e-beam- controlled  XeF  laser  are  compared  with  experiment 
(16]  in  Table  III.  For  these  calculations,  the  measured  e-beam 
current  and  discharge  voltage  waveforms  are  used  as  input  to 
the  code. 
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BEAM  RADIUS 


Fig.  4.  Intensity  and  phase  distributions  for  AVCO  e-beam  pumped 
KrF  laser. 
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BEAM  RADIUS 


Fig.  5.  Intensity  and  phase  distributions  for  Maxwell  e-bcani  sustained 
discharge  KrF  laser. 


TABLE  111 

XeF  Laser  Simulations 


EXPERIMENTAL  PARAMETERS 

Mixture 

Ne/Xe/NFj 

=  99.7/0.225/0.075 

Total  pressure 

3.0  atm  @ 

T  .  300°K 

Laser  cavity  length 

150  cm 

Laser  gain  length 

100  cm 

Mirror  reflectivity 

bOX 

Pump  pulse  length 

l.l  ysec 

(e-beam  and  discharge) 

E-beam  energy  deposited 

40  J/2 

(Jeb  -  3  A/cm  ) 

Discharge  energy  deposited 

120  Ml 

Total  pump  energy 

160  M  1 

RESULTS 

E-beam  only 

EXPT 

MODEL 

Optical  output 

0.88  Ml 

0.99  J/2 

Local  efficiency 

2. 21 

2.52 

E-beam  controlled  discharge 

Optical  output 

2.8  Ml 

3.7  Ml 

Local  efficiency 

1.752 

2.32 

Discharge  enhancement 

3.2:1 

3.7:1 
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The  predictions  of  laser  performance  agree  within  experi¬ 
mental  error.  The  slightly  high  values  of  optical  output  may 
be  explained  from  the  incomplete  treatment  by  the  model  of 
direct  formation  and  mixing  (by  heavy  particles  and  electrons) 
of  the  B  and  C  states  of  excited  XeF.  Detailed  studies  of  the 
role  of  the  C  state  in  XeF  lasers  have  been  carried  out  for  e- 
beam  pumping  (17)  but  the  effect  of  discharge  electrons  (pos¬ 
sibly  increased  mixing)  in  XeF  B-  and  C-state  kinetics  is  not 
yet  well  understood. 

Curves  showing  the  computed  temporal  evolution  of  selected 
laser-medium  components  for  the  XeF  laser  model  of  Table  111 
are  plotted  in  Fig.  6.  The  pump  pulses  (e-beam  and  sustainer) 
for  this  simulation  are  switched  on  at  a  time  corresponding  to 
zero  on  the  abscissa  of  Fig.  6,  have  a  100  ns  risetime  and  are 
cut  off  at  1 200  ns. 

The  curve  labeled  "/n't”  is  the  number  density  of  intracavity 
laser  photons  traveling  along  the  laser  axis.  The  buildup  time 
of  '200  ns  for  the  laser  flux  agrees  well  with  the  experiment. 
Note  the  drop  in  XeF*  density  when  the  laser  flux  begins  to 
build  up  towards  saturation.  The  curve  for  NeXe*  is  shown 
since  for  these  conditions  it  is  the  main  precursor  of  the  upper 
laser  level  XeF*. 

For  long-pulse  rare-gas-halide  lasers  it  has  been  observed  that 
the  pulse  duration  over  which  one  can  obtain  high  efficiency  is 
limited  by  the  onset  of  discharge  instability.  Some  insight  into 
the  mechanism  for  the  instability  onset  is  apparent  from  Fig. 
6.  The  steady  rise  in  electron  (e')  density  during  the  pulse  is 
shown  from  the  kinetics  calculations  to  be  due  to  a  steadily 
declining  electron  loss  rate  caused  by  depletion  of  the  electron 
attacher  NF , .  The  dashed  curve  in  the  ftgurc  indicates  an 
NF,  depletion  of  about  a  factor  of  two  for  the  conditions 
modeled  here. 

The  increase  in  ionization  rate  accompanying  the  rise  in  elec¬ 
tron  density,  when  coupled  with  a  reduced  attachment  rate 
caused  by  NF,  depletion,  tends  to  drive  the  discharge  toward 
instability.  Both  the  experiment  and  the  simulation  show  that 
the  discharge  remains  stable  for  the  complete  1 200  ns  pump 
pulse  at  160  J/l  total  energy  input.  However,  for  an  E/N  value 
only  'lO  percent  higher  than  that  used  for  the  experiment  of 
Fig.  6,  the  model  shows  a  faster  than  exponential  rise  to  an 
unrealistically  high  electron  density  before  pump  cutoff  and, 
in  agreement .  the  experiment  shows  a  discharge  arc  resulting  in 
a  rapid  drop  in  discharge  impedance  and  premature  termina¬ 
tion  of  the  optical  pulse. 

VI.  Conclusion 

None  of  the  individual  techniques  described  here  is  particu¬ 
larly  novel.  But  the  careful  interworking  of  them  has  pro¬ 
duced  a  predictive  capacity  of  unprecedented  precision  in 
high-powered  lasers,  and  made  significant  contributions  to  the 
developments  of  these  lasers.  rhese  results  were  obtained  not 
by  concentration  on  sophisticated  numerics,  but  by  close  co¬ 
operation  with  experimentalists  while  both  codes  and  lasers 
were  being  developed.  In  fact,  conscientious  efforts  were 
made  to  keep  the  numerics  the  simplest  that  could  be  made  to 
do,  so  that  experimental  uncertainties  were  always  greater 
than  computational  ones.  In  such  a  hybrid  model  the  chief 


Fig.  6.  Time  history  of  number  densities  of  selected  species  in  e-beam- 
contxolled  XeF  laser  simulation. 

difficulties  one  must  be  conscious  of  arise  not  from  subtleties 
in  the  numerical  approximations  themselves,  but  from  incon¬ 
sistencies  (qualitative  and  quantitative)  in  the  fusion  of  many 
physical  assumptions. 
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Depletion  of  the  Halogen  Donor  in  the  XeF  Laser 


A  numerical  modeling  effort  was  conducted  to  investigate  depletion 
of  the  halogen  donor  in  e-beam  pumped  XeF  lasers.  The  purpose  of  this 
investigation  was  to  determine  the  extent  of  NF^  depletion  in  the  laser 
mixture,  to  characterize  its  effects  on  laser  performance,  and  to  esti¬ 
mate  under  what  conditions  these  effects  are  significant.  Using  our 
kinetics  model,  we  have  calculated  the  extent  of  depletion  and  its  possi¬ 
ble  consequences  in  the  optimal  laser  mix  (4  atm  Ne/12  torr  Xe/6  torr 

2 

NF^)  for  pumping  currents  of  10  A/cm  ,  pulse  lengths  of  1  and  10  psec, 
and  operation  at  elevated  temperatures . 

The  major  model  predictions  are  the  following:  a)  almost  25%  of 
the  NF3  is  depleted  after  1  psec,  however,  the  effect  on  laser  output  is 
not  significant;  b)  the  major  effects  of  depletion  are  likely  to  be  an 
increase  in  the  absorption  due  to  Xe^*,  and  greater  formation  through 
the  Xe*  -  neutral  channel;  c)  for  10  psec  operation,  the  consequences 
and  extent  of  depletion  depend  on  the  electron  attachment  rates  and 
the  termolecular  recombination  rates  of  the  depletion  products,  NF^,  NF 
and  F. 

I.  Background 

Efficient  operation  of  the  XeF  laser  has  been  achieved  in  neon 
diluent  for  pulse  durations  of  approximately  1  psec,  and  with  energy 
loadings  of  less  than  100  J/l.  In  order  to  project  the  laser  perfor¬ 
mance  at  longer  pulses  with  loadings  of  significantly  more  energy,  one 
must  determine  what  new  effects  will  occur  under  these  conditions  and 
assess  their  impact. 
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Two  effects  which  are  small  for  1  ysec  operation  but  significant 
for  longer  pulses  are  depletion  of  the  halogen  donor,  NF^,  and  gas 
heating  from  pump  energy  deposition.  Depletion  of  the  halogen  donor 
can  effect  several  aspects  of  the  laser:  the  formation  chain,  absorp¬ 
tion,  quenching  and  interception.  In  the  XeF  laser,  quenching  and 
interception  by  NF3  have  only  a  small  effect  on  the  laser  output.  How¬ 
ever,  NF^,  which  produces  F"  by  dissociative  attachment,  controls  the 
ion  balance  in  the  laser  plasma,  which  in  turn,  controls  the  dominant 
formation  and  absorption  processes.  Thus,  depletion  of  NF3  may  decrease 
the  efficiency  of  the  formation  and  extraction  processes.  Consequently, 
we  have  addressed  depletion  as  it  affects  the  ion  balance  in  the  laser 
plasma.  However,  we  estimate  that  a  temperature  rise  of  a  few  hundred 
°K  will  occur  for  long  pulses  due  to  e-beam  energy  deposition.  Recent 
results  on  heated  XeF  indicate  that  the  laser  performance  decreases 
above  a  certain  temperature.1  If  the  laser  works  well  only  in  a  narrow 
temperature  range,  then  for  long  pulse  operation,  the  performance  may 
be  adversely  affected  by  the  amount  of  energy  deposited  by  the  e-beam. 

II.  Approach  and  Results 

? 

For  the  model  simulation,  the  optimum  laser  mixture  at  10  A/ cm 

2 

pumping  rate  obtained  by  Rokni  et.  al.  was  used.  This  mixture  is 
4  atm  neon,  12  torr  xenon  and  6  torr  NF3>  The  pumping  pulse  duration 
was  varied  from  1  usee  to  10  usee.  Simulations  were  run  varying  the 
attachment  rates  and  recombination  rates  of  the  depletion  products*. 
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The  effect  of  elevated  temperature  was  crudely  approximated  by  the 

following  assumptions:  first,  the  XeF  ground  state  removal  rate  was 

3 

significantly  increased;  second,  the  absorption  cross  section  at  the 

+  4 

laser  wavelength  of  Xe^  was  reduced  so  that  greater  amounts  of  xenon 

5 

could  be  added  to  the  mixture;  and  third,  vibrational  relaxation  of 
the  XeF  (B)  state  manifold  was  increased.'*' 

The  extent  of  depletion  of  NF^  is  determined  by  the  balance  between 
the  removal  and  reformation  processes.  Dissociative  attachment  of 
electrons  is  the  dominant  depletion  process.  The  major  replenishment 
process  is  three-body  recombination  of  the  depletion  products,  i.e., 

NF£  +  F  +  Ne  -*•  NF^  +  Ne. 

If  the  recombination  rate  is  insignificant  then  ~  25%  of  the  NF^  will 

be  depleted  in  the  first  microsecond.  Moreover,  90%  will  be  depleted 

-31 

in  3.5  psec.  However,  if  the  three-body  recombination  rate  is  10 
the  NF^  concentration  will  stabilize  at  more  than  half  its  initial 
value. 

The  most  serious  effect  of  depletion  will  be  to  decrease  the  con¬ 
centration  of  F",  a  key  species  in  both  the  formation  and  extraction 
processes.  In  the  ion  formation  chain,  which  accounts  for  almost  90% 
of  the  XeF  (B)  production  during  the  first  microsecond  of  the  pulse, 

F~  recombines  with  various  xenon  ion  complexes  to  form  the  upper  laser 
level.  Furthermore,  by  recombining  with  Xe2+,  F"  removes  it  as  a  major 
absorption  species.  The  principal  effect  of  F"  depletion  will  be  to 
increase  the  absorption  due  to  Xe2+.  Another  effect  will  be  to  shift 
the  formation  process  from  one  completely  dominated  by  ion-ion 
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recombination  reactions  to  one  in  which  excited-neutral  reactions  are 
of  comparable  importance.  Although  ion-ion  recombinations  form  the 
XeF  (B)  state  with  80%  efficiency, ^  reactions  of  Xe*  with  NF^  or  NF 
may  not  be  nearly  as  efficient.  Thus,  the  formation  efficiency  may 
decrease  as  well  as  the  extraction  efficiency. 

Other  possible  harmful  effects  of  depletion  involve  the  depletion 
products  themselves.  Interception  or  quenching  by  the  NF^,  NF  or  F 

could  be  significant  if  the  corresponding  rate  constant  were  of  the 

-9 

order  10  .  As  a  final  point,  it  has  been  recently  pointed  out  to  us 

that  NF^  does  not  absorb  at  350  nm,  but  NF  might. 

III.  Assessment  of  Depletion  Effects 

We  have  assessed  the  extent  and  effect  of  NF3  depletion  over 

the  range  where  the  three-body  recombination  rate  constant  of  the 

depletion  products  is  varied  from  10~34  to  10”30  cm6/sec,  and  their 

-10  -9  3 

attachment  rate  constant  is  varied  from  10  to  5  x  10  cm  /sec. 

In  general,  the  extent  of  depletion  depends  primarily  on  the  termole- 
cular  recombination  rate,  and  the  consequences  depend  mainly  on  the 
attachment  rate  of  the  depletion  products.  If  the  recombination  rate 
constant  is  greater  than  10  1  cm  /sec,  the  NF3  is  reformed  so  rapidly 

that  depletion  is  not  significant.  Likewise,  if  the  electron  attach- 
ment  rate  constant  is  the  same  as  that  of  NF3  (5  x  10  cm  /sec),  the 
F  concentration  does  not  drop  and  the  laser  performance  is  unaffected. 
In  order  to  avoid  complications  resulting  from  the  XeF  ground  state 
and  incomplete  vibrational  relaxation,  we  have  calculated  laser  per¬ 
formance  under  "heated"  conditions  with  various  attachment  and  recom¬ 
bination  rates  for  the  depletion  products.  "Heated"  conditions  were 
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approximated  by  the  following:  (1)  the  XeF  ground  state  was  assumed 
to  be  unbound,  {?)  the  absorption  cross  section  at  the  laser  wavelength 
of  Xe^+  was  set  at  half  the  room  temperature  value  and  the  concentra¬ 
tion  of  xenon  increased  to  1.5  times  the  room  temperature  value, 

(3)  the  relaxation  time  for  vibrational  mixing  of  the  B-state  manifold 
was  set  at  1  nsec.  Moreover,  it  was  assumed  that  neutral  reactions 
involving  Xe*  and  the  depletion  products  NF^  and  NF  did  not  branch  to 
the  B-state. 

Selected  results  of  the  calculations  for  heated  XeF  are  summarized 

in  Fig.  1.  The  computed  laser  output  energy  for  a  10  psec  pump  pulse 

is  plotted  in  this  figure  as  a  function  of  krec,  for  various  values 

of  the  electron  attachment  rate  coefficient,  3.  Here,  k  is  the 

rec 

rate  constant  for  the  following  termolecular  recombination  reactions. 

NF2  +  F  +  Ne  -  NF3  +  Ne 
NF  +  F  +  Ne  -  NF2  +  Ne 
N  +  F  +  Ne  -  NF  +  Ne 
NF  +  NF  +  Ne  -*•  +  Ne, 

and  3  is  the  rate  constant  for 

NF2  +  e"  -»•  F"  +  NF 
NF  +  e"  -*■  F~  +  N. 

Other  relevant  attachment  and  recombination  rates  were  obtained  from 
the  literature. 

The  important  conclusions  drawn  from  Fig.  1  are:  a)  the  laser 
performance  will  not  degrade  if  the  attachment  rate  constant  of  the 
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depletion  products  is  approximately  5  x  10  cm  /sec,  or  if  the  three- 

_31  c 

body  recombination  rate  is  at  least  1  x  10"  1  cm  /sec;  b)  the  laser 
performance  will  degrade  only  10 %  if  the  attachment  rate  constant  is 
at  least  5  x  10"^  cm^/sec  and  the  recombination  rate  is  at  least 
1  x  10  ^  cm^/sec. 

IV.  Summary  and  Recommendations 

We  can  draw  the  following  conclusions: 

a)  The  extent  of  depletion  depends  primarily  on  the  termolecular 
recombination  rate  which  controls  the  NF^  reformation. 

b)  The  effect  of  depletion  depends  on  the  electron  attachment 
rate  of  the  depletion  products  which  control  the  F~  production. 

c)  The  first  major  effect  of  depletion  will  be  increased  absorp¬ 
tion  due  to  Xe2+. 

d)  The  second  major  effect  will  be  increased  formation  through 
Xe*  neutral  reactions,  however,  the  total  formation  rate  will  remain 
approximately  constant. 

e)  Effects  of  depletion  on  laser  performance  range  from  negligible 
to  significant  depending  on  the  recombination  and  attachment  rates. 

As  a  result  of  this  study  we  recommend  that  the  following  quantities 
are  necessary  to  determine  the  effect  of  depletion  on  the  laser  perfor¬ 
mance:  a)  electron  attachment  and  termolecular  recombination  rate  con¬ 
stants  for  NF^  and  NF;  and  b)  the  rate  constants  and  branching  ratios 
for  reactions  of  Xe*.  and  F*  with  NF2  and  NF.  In  addition,  rate  con¬ 
stants  for  NF2  and  NF  quenching  of  XeF*  and  F2*  and  photoabsorption 
properties  of  NF  are  also  important. 
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Computed  XeF  laser  output  energy  as  a  function  of  the  termol ecu! ar  recombi¬ 
nation  rate  constant  of  NF3  depletion  products  for  various  values  of  the 
electron  attachment  rate  coefficient  (B)  of  NF2  and  NF.  Calculations  are 
for  a  pump  pulse  duration  of  10  psec  and  for  approximate  "heated"  condi¬ 
tions. 
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Presented  at:  Thirty-first  Annual  Gaseous  Electronics  Conference, 
Buffalo,  NY,  17-20  October  1978,  Paper  E-2  (Workshop 
Session) 

The  Role  of  Electron  Kinetics  in  Discharge-Pumped 
Rare-Gas  Halide  Lasers 

L.  J.  Palumbo 
Laser  Physics  Branch 
Naval  Research  Laboratory 
Washington,  D.  C.  20375 

A  high  level  of  activity  by  several  research  groups  in  the  past 
few  years  has  led  to  the  development  of  the  rare-gas-monohal ide  lasers 
as  the  most  efficient  class  of  visible/UV  lasers  to  date.  With  several 
important  applications  as  the  reward,  much  work  is  continuing  to  develop 
further  their  potential  for  high  output  power  and  efficiency.  The  exci¬ 
tation  method  which  promises  the  highest  ultimate  efficiency  and  the 
most  straightforward  scale-up  to  high  powers  is  the  acceleration  of 
the  laser-medium  electrons  in  an  applied  electric  field.  Thus,  in  order 
to  develop  these  lasers  to  optimum  performance,  it  is  important  to 
understand  the  effect  of  electrons  and  their  energy  distribution  on  the 
formation  and  quenching  kinetics  of  the  lasing  species  and  on  the  sta¬ 
bility  of  the  discharge. 

Numerical  studies  which  involve  the  solution  of  the  Boltzmann  trans 
port  equation  for  electron-beam-controlled  and  UV-preionized  discharges 
in  typical  rare-gas-halide  laser  gas  mixtures  have  been  carried  out. 


These  studies  illuminate  some  of  the  major  effects  of  discharge  elec¬ 
trons  on  laser  performance.  Calculations  of  the  partitioning  of  dis¬ 
charge  energy  into  various  channels  of  the  laser  medium  have  indicated 
limitations  on  the  amount  of  energy  which  can  be  channeled  into  the 
upper  laser  level.  The  effects  on  discharge  stability  of  the  strength 
of  the  applied  field,  excitation  and  laser  pulse  length,  and  depletion 
of  the  molecular  halogen  donor  during  the  laser  pulse  have  been  studied 
both  numerically  and  experimentally.  Other  effects  found  to  be  impor¬ 
tant  include  coupling  between  external  circuit  elements  and  the  dis¬ 
charge  and  the  effect  of  electron-electron  collisions  on  the  electron 
energy  distribution  function. 
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ELECTRON  BEAM  PUMPED  LASERS 


Electron  Beam  Pumped  XeCI  Laser 

The  electron  beam  pumped  XeCI  laser  has  been  demonstrated  to  have 
output  power  and  efficiency  comparable  to  the  best  observed  results  in 
KrF  under  similar  pumping  conditions  during  the  past  year.*  This  demon¬ 
strated  capability  coupled  with  the  fact  that  the  XeCI  laser  exhibits 
several  characteristics  which  distinguish  it  from  the  rare  gas  fluoride 
lasers  has  generated  considerable  interest  in  this  laser  system.  One 

example  was  the  demonstration  of  efficient  Raman  conversion  of  308  nm 

2 

emission  to  the  blue-green  portion  of  the  spectrum.  Also,  the  absence 

I 

of  measurable  degradation  in  output  power  under  static  fill  operating 
conditions  distinguishes  this  laser  from  the  rare  gas  fluorides  (XeF, 
KrF)  which  have  demonstrated  high  power  and  efficiency.  Finally,  the 
measured  small  signal  gain  of  the  XeCI  laser  is  greater  than  that  ob¬ 
served  for  either  XeF  or  KrF  lasers  under  similar  pumping  conditions. 

A  power  efficiency  of  ~  6.5%  was  demonstrated  for  the  electron  beam 
pumped  XeCI  laser.  These  results  were  obtained  in  a  0.5  usee  optical 
pulse  when  mixtures  of  neon,  xenon  and  HC1  were  excited  at  a  pumping 
current  of  ~  7.5  A  cm  incident  to  the  active  volume.  Laser  emission 
was  observed  on  the  (0,1)  and  (0,2)  vibrational  bands  of  the  B-+X  transi- 

3 

tion  at  308.0  and  308.2  nm  respectively.  A  small  signal  gain  of  ~  2.6% 
cm"*  and  a  background  absorption  of  ~  0.26%  cm"*  were  observed  under 
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these  operating  conditions.  Based  on  these  measurements  the  saturation 

_2 

intensity  is  calculated  to  be  ~  0.35  MW  cm  . 
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Efficient  operation  of  the  electron-beam-pumped  XeCI  laser 

L  F.  Champagne 
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f- fTkient  operation  ( 5  0C, )  of  the  long-pulse  (0  5  resec)  XeCI  laser  is  obtained  by  electron-beam  pumping 
of  mixtures  of  neon,  xenon,  and  JfCI  Laser  emission  is  observed  at  308  0  and  J08  2  nm  A  small-signal 
gain  of  2  boy  cm  measured  from  which  the  saturation  intensity  is  calculated  to  be  -0  55  MWcm  : 
and  the  optical  absorption  at  the  laser  wavelength  ts  calculated  to  be  -0  2691  cm  The  electron-beam- 
pumped  XeCI  laser  can  be  operated  under  static  fill  conditions  with  no  measurable  degradation  tn  output 
power 

FACS  numbers  42  55  Fn,  42  60  By.  42. 60. Da 


The  electron- beam-pumped  XeCI  laser  was  first 
demonstrated  in  1975,  using  as  laser  constituents, 
argon,  xenon,  and  chlorine. 1  The  laser  efficiency  and 
relative  fluorescence  efficiency  measurements  made 
by  Ewing  and  Brau  indicated  that  the  XeCI  laser  was 
not  as  promising  a  candidate  for  scaling  to  higher  effi¬ 
ciencies  as  was  the  KrF. 

Since  that  time,  a  great  deal  has  been  learned  about 
transient  optical  absorption  in  rare  gases  and  the  effect 
which  this  absorption  has  on  the  performance  of  both 
e-beam-pumped  and  e- beam-controlled  rare-gas  halide 
lasers.2,5  For  the  XeF  laser  this  absorption  is  attribut¬ 
ed  to  the  dimer  ions  Arj  and  Xej  and  is  essentially 
eliminated  by  using  neon  as  a  diluent  in  place  of 
argon.  4~!  The  broad  absorption  band  of  these  species 
extends  to  the  XeCI  emission  band  at  308  nm.  *“11  In 
addition,  ground-state  absorption  from  Cl2  occurs  in 
this  spectral  range. 12 

Thus,  efficient  operation  of  the  XeCI  laser  can  only 
be  achieved  by  avoiding  argon  as  a  diluent,  preventing 
significant  Xej  formation  and  the  use  of  a  halogen  donor 
which  does  not  absorb  at  308  nm.  Burnham13  recently 
demonstrated  high  efficiency  in  a  discharge-pumped 
XeCI  laser  using  HC1  as  the  molecular  halogen  donor. 
Using  this  donor  as  well  as  neon  diluent  we  have  dem¬ 
onstrated  high  power  and  efficiency  for  the  electron- 
beam-pumped  XeCI  laser.  The  results  obtained  com¬ 
pare  favorably  in  efficiency  to  the  best  results  obtained 
for  KrF  in  the  same  experimental  apparatus.  Moreover, 
in  marked  contrast  to  the  rare-gas  fluorides  (XeF, 

KrF)  the  XeCI  laser  operates  repeatedly  with  a  static 
fill  of  gas  without  measurable  degradation  in 
performance. 

In  this  experiment,  a  Maxwell  cold-cathode  gun  which 
has  been  described  previously2  is  used.  The  laser 


chamber  is  1  m  long  and  has  an  active  volume  of  380 
cm3.  The  laser  chamber  is  designed  to  operate  over  a 
pressure  range  1  —  5  atm.  Time- resolved  output  power 
is  measured  with  an  S-5  photodiode.  Output  energy  is 
measured  using  a  GenTee  ED- 500  pyroelectric  detector. 
Gain  measurements  are  made  using  a  Chromatix 
CMX-4  flashlamp- initiated  dye  laser.  Spectral  mea¬ 
surements  are  made  using  a  i-m  Jarrell- Ash  Ebert 
monochrometer.  Commercial  grades  of  neon,  xenon, 
and  HC1  were  used  in  this  experiment.  Throughput 
filters  were  used  to  remove  water  vapor  and  other 
impurities  from  the  laser  constituents. 

Figure  1  is  a  typical  stimulated  emission  spectrum 
from  the  XeCI  laser.  Laser  output  was  observed  on 
(0,1)  and  (0,2)  vibrational  bands  of  the  H~X  transition 
at  308.  0  and  308.  2  nm,  respectively. 14  The  relative 
intensities  of  these  transitions  were  not  influenced  by 
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FIG.  1.  Typical  laser  emission  spectrum  from  XeCI. 
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pump i rip  intensity,  output  coupling,  or  other  experi¬ 
mental  parameters. 

Figure  2  plots  the  efficiency  of  the  XeCl  laser  as  a 
function  of  pressure  over  the  pressure  range  1  —  5  atm. 
Both  maximum  output  power  and  efficiency  were  ob¬ 
served  at  4  atm.  At  this  pressure  and  for  the  optimum 
concentration  of  Ne  :  Xe  :  HC1  (98.  9  : 1 . 0  : 0. 067)  -3.0 
Jl"1  was  extracted  in  a  0.  5- 4  sec  optical  pui.se  at  an 
overall  electrical  efficiency  of  -5. 0'V.  The  best  output 
power  at  each  pressure  investigated  was  obtained  for  a 
gas  composition  in  which  the  xenon  to  HC1  ratio  was 
15:1,  with  the  concentration  of  these  species  being 
1. 08  *1018  cm"3  for  xenon  and  7. 2  *1G16  cm"3  for  HC1. 

Unlike  XeF  and  KRF,  the  XeCl  laser  was  operated 
for  tens  of  pulses  from  a  single  gas  fill  without  mea¬ 
surable  degradation  in  output  power.  The  small  varia¬ 
tions  in  output  which  were  observed  (<10^ )  were  di¬ 
rectly  proportional  to  observed  fluctuations  in  the 
electron- beam  current  density  which  is  incident  to  the 
foil.  This  contrasting  performance  between  the  rare- 
gas  fluoride  lasers  and  the  XeCl  laser  is  attributed  to 
differences  which  involve  the  halogen  donor.  The 
three- body  recombination  rate  for  hydrogen  chloride15 
is  comparable  to  that  for  fluorine. 16  Therefore,  these 
results  indicate  that  HC1,  Cl2,  and  Cl"  do  not  react  as 
readily  with  their  environment  as  does  F2  and  F". 

The  small- signal  gain  of  the  electron- beam- pumped 
XeCl  laser  was  measured  by  tuning  the  output  from  the 
flashlamp- excited  dye  laser  to  be  coincident  with  the 
observed  transition  at  308.  0  nm.  At  this  wavelength  the 
experimental  gain  was  measured  to  be  -2.  6*t  cm"1. 
Figure  3  is  a  plot  of  the  experimentally  observed  output 
power  (/)  as  a  function  of  output  coupling  for  the  XeCl 
laser  under  optimum  operating  conditions.  Maximum 
output  power  was  obtained  with  an  output  coupling  of 
72^.  Analysis  of  the  data  indicates  the  presence  of  a 
significant  transient  optical  absorption  in  the  laser 
medium  similar  to  that  observed  for  Ar/Xe  NF3  mix¬ 
tures.2  From  this  data  the  saturation  intensity  (/,)  and 
optical  absorption  [1-  (1-  A)2]  can  be  estimated  using  the 
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1  IG.  2.  Efficiency  of  the  XeCl  laser  as  a  function  of  the  total 
pressure. 


FIG.  3.  XeCl  laser  output  pout  r  as  a  function  of  output 
coupling. 


equat  ion2 

77  =  (1-  A) 7T(T~;i )V'fi ^ 

This  equation  is  a  modified  version  of  an  expression 
first  derived  by  Rigrod,:  which  relates  output  power, 
gain,  and  saturation  intensity  for  high-gam  lasers.  In 
this  modified  expression  we  have  included  a  lumped 
loss  just  in  front  of  each  mirror  to  approximate  the 
loss  within  the  laser  medium  itself.  A  best  fit  to  the 
data  gives  a  saturation  intensity  of  -0.35  MW  cm'2  and 
a  transient  optical  absorption  of  ~0.26f£  cm'1.  The 
saturation  intensity  for  XeCl  is  comparable  to  that  for 
XeF.  However,  the  transient  optical  absorption  is  large 
compared  to  that  observed  for  the  XtF  laser  in  neon 
diluent. 5  If  this  transient  ahsorption  could  be  removed 
or  significantly  reduced,  then  the  output  power  and 
efficiency  of  the  XeCl  laser  could  be  improved.  Be¬ 
cause  of  its  high  efficiency  and  its  ability  to  operate 
without  recycling  the  gas  the  XeCl  laser  offers  the 
promise  of  being  a  very  useful  laser  for  many 
applications. 
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Absorption  Processses  in  XeCl  Laser 

Although  the  saturation  intensity  for  XeCl  is  comparable  to  that 
for  XeF  the  transient  optical  absorption  is  large  compared  to  that 
observed  for  the  XeF  laser  in  neon  diluent.  If  this  transient  ab¬ 
sorption  could  be  removed  or  significantly  reduced  then  the  output 
power  and  efficiency  of  the  XeCl  laser  could  be  further  improved. 

Figure  1  plots  the  predicted  extraction  efficiency  n  as  a  function 
of  the  ratio  of  background  absorption  g  to  small  signal  gain  a.  The 
curve  is  derived  from  the  modified  Rigrod  analysis  for  saturation  in¬ 
tensity  in  a  medium  which  exhibits  a  uniformly  distributed  loss.  Op- 
tium  output  coupling  and  low  gain  are  assumed.  The  ratio  of  small 
signal  gain  to  absorption  for  the  XeCl  laser  under  optimum  operating 
conditions  and  at  room  temperature  is  0.1.  This  translates  to  an 
extraction  efficiency  of  -v  50$  of  what  is  formed.  If  this  ratio  could 
be  increased  by  either  reducing  transient  absorption  or  increasing 
small  signal  gain  then  the  extraction  efficiency  would  also  increase. 

As  a  first  step  in  determining  whether  absorption  could  be  reduced 

2 

experiments  were  performed  to  identify  the  dominant  absorbing  species. 
Transient  absorption  in  neon  xenon  and  HC1  mixtures  and  various  rare 
gas  combinations  were  measured.  These  results  were  matched  with  a 
numerical  model  to  determine  the  dominant  absorbing  species  in  the 
XeCl  laser.  Briefly,  we  find  that  in  pure  neon  plasmas  Ne^*  is  the 
dominant  absorber.  Addition  of  xenon  reduces  this  absorption  through 
the  mechanism  of  Penning  Ionization.  Absorption  is  not  changed  by 
adding  HC1  to  the  optium  neon/xenon  concentration.  Also,  ground 
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state  absorption  due  to  HC1  is  not  significant  at  the  laser  wavelength. 
These  experiments  indicate  that  the  dominant  absorbing  species  in  laser 
mixtures  is  the  dimer  ion  Xe2+. 

Figure  2a  plots  the  measured  absorption  as  a  function  of  xenon  con¬ 
centration  which  was  observed  experimentally.  Results  were  obtained 
by  probing  neon/xenon  plasma  with  a  fl ashlamp-pumped,  frequency- 
doubled  dye  laser.  The  probe  laser  output  was  tuned  to  coincide 
with  the  308.0  nm  stimulated  emission  from  the  XeCl  laser.  The  out¬ 
put  from  the  probe  laser  was  monitored  with  S-5  photodiodes  before 
entering  and  after  leaving  the  absorbing  medium.  A  reduction  in 
absorption  at  the  laser  wavelength  was  observed  when  small  amounts 
of  xenon  were  added  to  neon.  As  the  xenon  concentration  was  increased, 
absorption  was  observed  to  increase  indicating  that  a  new  absorbing 
species  involving  xenon  was  introduced.  The  minimum  measured  absorption 
in  neon/xenon  mixtures  was  ~  0.25%-cm-1.  This  minimum  was  observed  for 
xenon  concentration  ranging  from  0.2  to  0.5%.  For  the  XeCl  laser,  the 
optimum  xenon  concentration  (1%)  for  best  laser  performance  falls  well 
within  this  minimum  absorption  region.  Addition  of  HC1  to  neon/xenon 
mixtures  did  not  alter  the  transient  absorption  markedly.  This  observa¬ 
tion  was  corroborated  by  the  fact  that  no  measurable  absorption  in  opti¬ 
mum  neon/HCl  mixtures  was  observed  at  this  wavelength. 

Figure  2b  plots  the  relative  number  density  of  Ne2*  and  Ne2+  for 
the  various  xenon  concentrations  as  predicted  by  the  model.  The  dom¬ 
inant  absorber  for  the  optimum  neon/xenon  mixture  is  the  dimer  ion  Xe2+. 
There  may  be  some  smaller  contribution  which  is  attributed  to  atomic 
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transitions  in  neon  between  the  3s  and  5p  states  centered  at  3079.2, 
3078.9,  and  3077.0  8. 

Since  the  dimer  ion,  Xe2+  is  the  dominant  absorber  species  then  we 
know  that  the  cross  section  for  absorption  by  this  species  is  a  sensi- 

4 

tive  function  of  temperature.  Wadt's  ab  initio  calculations  indicated 
that  the  cross  section  for  absorption  can  be  reduced  by  as  much  as  a 
factor  of  two  at  the  peak  absorption  wavelength  with  only  moderate 
heating.  However,  there  is  poor  agreement  between  the  observed  and 
calculated  absorption  peak  as  a  function  of  wavelength.  Preliminary 
experiments  indicate  that  the  calculated  peak  for  absorption  is  %  20 
to  30  nm  closer  to  the  visible  than  the  experimentally  observed  ab¬ 
sorption  peak  for  Xe2+  (Fig.  3).  Figure  3  is  a  plot  of  the  measured 
absorption  in  xenon  plasmas  using  the  broad  band  probing  technique. 

A  large  broad  band  of  absorption  with  no  line  structure  is  indicative 
of  dimer  ion  absorption.  If  the  calculated  absorption  cross  section 
is  shifted  to  match  the  measured  peak  of  absorption  and  if  we  assume 
that  the  overall  shape  of  the  absorption  cross  section  does  not  change, 
then  the  ab  initio  calculations  predict  that  absorption  by  Xe^-*-  at 
308nrnhas  an  inverse  temperature  dependence.  This  may  account  in  part 
for  the  reduction  in  measured  small  signal  gain  which  is  observed  at 
elevated  temperatures  as  shown  in  Fig.  4. 

Figure  4  is  a  plot  in  the  measured  small  signal  gain  and  background 
absorption  in  mixtures  of  neon,  xenon  and  HC1  as  a  function  of  tempera¬ 
ture.  The  temperature  of  the  laser  chamber  was  varied  from  300°K  to 
450°K.  The  measured  small  signal  gain  decreased  with  increasing 
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temperature.  At  elevated  temperatures  both  laser  performance  and 
small  signal  gain  were  sensitive  functions  of  when  and  how  well  the 
chamber  walls  were  passivated.  The  results  reported  here  were  ob¬ 
served  several  minutes  after  the  cell  was  passivated.  The  relatively 
large  error  (%  10  to  20%)  associated  with  the  gain  measurements  is 
due  to  the  increased  reactivity  which  HC1  exhibited  with  the  chamber 
walls  at  elevated  temperature.  The  measured  background  absorption 
while  not  increasing  dramatically  was  subject  to  a  large  error  range 
(%  50%).  This  is  attributed  to  the  difficulty  in  accurately  reproduc¬ 
ing  the  probe  wavelength  when  a  continuously  tunable  probe  source  is 
used.  These  preliminary  results  indicate  that  there  is  a  small  but 
inverse  temperature  dependence  in  the  measured  small  siqnal  gain. 

The  results  are  not  sufficiently  quantitative  to  determine  whether 
the  decrease  in  measured  small  gain  is  due  to  an  increase  in  the 
background  adsorption  or  a  decrease  in  the  real  small  signal  gain. 
However,  the  results  are  sufficiently  quantitative  to  warrant  in¬ 
vestigating  laser  performance  at  temperatures  below  300°K.  [If 
either  the  real  gain  or  background  absorption  changes  then  laser 
extraction  efficiency  will  improve  as  indicated  from  Figure  1.] 
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Measured  absorption  as  a  function  of  xenon  concentration 
at  308.0  nm. 
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Figure  4.  The  measured  small  signal  gain  and  background  absorption  in 
optimum  laser  mixtures  as  a  function  of  temperature. 
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Absorption  processes  in  the  XeCI  laser 
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Transient  absorption  in  Ne/Xe/HCl  mixtures  and  various  rare  gas  combinations  are 
measured.  The  observed  results  are  matched  with  a  numerical  model  to  determine  the 
dominant  absorbing  species  in  the  XeCI  laser.  In  pure  neon  plasmas  Ne*;  is  a  dominant 
absorber.  Addition  of  xenon  greatly  reduces  this  absorption  through  the  mechanism  of 
Penning  ionization.  Absorption  is  not  changed  by  adding  HC1  to  the  optimum  neon- 
xenon  concentration. 


PACS  numbers:  42.55.Hq,  42.60.He,  42.60.By 

We  recently  reported  on  the  efficient  operation  of  an 
electron-beam-pumped  XeCI  laser  in  neon  diluent.'  The 
measured  small  signal  gain  of  the  XeCI  laser  was  greater 
than  the  measured  gain  of  the  XeF  laser.  However,  experi¬ 
mental  results  indicated  that  transient  optical  absorption  in 
the  XeCI  laser  was  also  large.  A  large  transient  absorption  is 
detrimental  to  the  laser  performance. M 

In  this  paper  we  report  detailed  measurements  on  the 
extent  of  these  absorption  processes  near  308.0  nm.  The  ex¬ 
perimental  results  do  indicate  that  transient  optical  absorp¬ 
tion  in  neon  plasmas  is  broad,  large  at  the  laser  wavelength 
(1.5%  cm'1)  and  increases  linearly  with  increasing  current. 
The  addition  of  xenon  to  neon  reduces  this  absorption  to 
values  comparable  to  those  observed  in  neon-xenon  mix¬ 
tures  at  351.1  nm.4 ' 

The  laser  chamber  used  for  these  gain  and  absorption 
experiments  has  been  described  previously.1  In  these  experi¬ 
ments  the  current  density  incident  to  the  active  volume  was 
varied  from  2  to  7  A  cm  '.  A  chromatix  CMX-4  flashlamp- 
initiated  dye  laser  was  used  to  probe  the  active  medium.  The 
frequency -doubled  output  from  a  dye  solution  containing 
rhodamine  6-G  probed  the  gas  mixtures  of  interest  in  the 
wavelength  region  from  292  to  3 12  nm.  The  time-resolved 
dye  laser  output  was  monitored  both  before  and  after  the 
laser  chamber  with  S-5  photodiodes.  The  output  spectrum  of 
the  dye  laser  was  monitored  with  a  J-m  Minuteman  mon- 
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ochromator.  The  monochromator  was  calibrated  with  a 
mercury  pen  lamp. 

Figure  1  plots  the  gain  and  absorption  as  a  function  of 
wavelength  for  a  l-/isec  optical  pulse  under  optimum  oper¬ 
ating  conditions.  For  l-jisec  operation,  the  peak  small  signal 
gain  was  2.4%  cm'1  and  the  absorption  was  -0.24%  cm  ’. 
The  background  absorption  in  the  laser  mixture  was  mea¬ 
sured  at  —  0.5  /zsec  after  the  beginning  of  the  optical  pulse. 
Several  shots  were  taken  at  each  frequency  setting.  The  axial 
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FIG.  I  Measured  gain  and  absorption  as  a  function  of  wavelength  for  a  I  - 
H sec  optical  pulse. 
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FIG  2.  Measured  absorption  as  a  function  of  wavelength  m  pure  argon  and 
neon  plasmas. 

fluorescence  spectrum  is  superimposed  on  the  gain  absorp¬ 
tion  data.  A  weak  secondary-emission  band  centered  about 
340  nm  was  also  observed.  This  emission  is  attributed  to  the 
C-~A  band  of  XeCl.  This  secondary  emission  is  weaker  than 
the  equivalent  C-A  emission  in  XeF.“  ’ 

The  laser  constituents  were  examined  separatefy  to  de¬ 
termine  the  various  contributions  to  the  relatively  large  ob¬ 
served  absorption  in  the  laser  mixture.  Figure  2  plots  the 
absorption  in  pure  argon  and  pure  neon  as  a  function  of 
wavelength.  In  this  experiment  the  current  density  incident 
to  the  active  volume  was  6.5  A  cm'*’.  The  energy  deposited 
into  each  rare  gas  was  kept  comparable  by  varying  the  total 
pressure.  In  argon  the  absorption  was  broadly  peaked  over  a 
region  from  292  to  300  nm  and  at  the  laser  wavelength  it  was 
2.9%  cm  '.  In  neon,  absorption  increased  with  decreasing 
wavelength.  At  the  laser  wavelength  the  transient  absorp¬ 
tion  was  —  1.5%  cm  '.  While  the  measured  absorption  in 
pure  neon  plasmas  was  only  one-half  that  of  argon,  it  was 
still  large. 

Figure  3  plots  the  absorption  of  308-nm  radiation  in 
argon-xenon  and  neon-xenon  mixtures.  A  reduction  in  ab¬ 
sorption  at  the  laser  wavelength  was  observed  when  small 
amounts  of  xenon  were  added  to  both  argon  and  neon.  In  the 
neon  case,  the  reduction  in  absorption  was  much  greater. 
For  both  argon  and  neon  diluents  the  absorption  increased 
as  the  xenon  concentration  was  increased,  indicating  that  a 
new  absorbing  species  involving  xenon  was  introduced.  The 
minimum  measured  absorption  in  neon-xenon  mixtures  at 
308.0  nm  was  -0.25%  cm  '.  This  minimum  was  observed 
for  xenon  concentrations  ranging  from  0.2  to  1.5%.  Measur¬ 
able  increased  absorption  was  observed  for  xenon  concentra¬ 
tions  ~  3.0%.  For  the  XeCl  laser,  the  optimum  xenon  con- 
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ABSORPTION  vs  XENON  CONCENTRATION 
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FIG  3.  Measured  absorption  at  308.0  nm  in  both  argon  and  neon  as  a 
funetionof  xenon  concentration 

centration  (1%)  for  best  laser  performance  falls  well  within 
this  minimum  region.  Thus,  the  laser  performance  is  not 
limited  by  the  amount  of  xenon  which  can  be  added.  At 
351.1  nm,  a  minimum  measured  absorption  of  0.2%  cm  1 
was  observed  for  xenon  concentrations  of  -0.1%.  For  xe¬ 
non  concentrations  >0.2%,  absorption  increased  sharply. 
Previously,  we  have  shown  that  the  increase  in  absorption  at 
351.1  nm  is  attributed  to  the  dimer  ion,  Xe2*  . "  Theoretical 
calculations”  predict  that  the  absorption  by  Xe2‘  is  lower  at 
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FIG.  4  Measured  gam  at  308.0  nm  and  absorption  in  XeCl  laser  mixtures  as 
a  function  of  current  density  incident  to  the  active  volume 
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308.0  nm  than  at  351.1  nm.  Thus,  the  correlation  between 
xenon  concentration  and  Xe;'  absorption  is  not  a  strong  at 
308  0  nm  as  it  is  at  351.1  nm 

Figure  4  plots  the  measured  gain  and  absorption  in  opti¬ 
mized  Ne/Xe/HC!  mixtures  and  absorption  in  pure  neon  as 
a  function  of  current  density  incident  to  the  active  volume. 
The  optimum  total  pressure  for  the  laser  was  4  atm.  The 
measured  gain  increased  with  increasing  current  and 
reached  a  peak  value  of  -  2.6%  cm  1  at  the  highest  pumping 
currents.  The  measured  absorption  in  both  laser  mixture  and 
in  the  pure  neon  plasma  increased  linearly  with  current  den¬ 
sity.  In  both  cases  the  absorption  approached  zero  as  the 
current  density  approached  zero.  When  the  optimum  con¬ 
centration  of  HC1  (0.067% )  was  added  to  the  optimum  con¬ 
centration  of  neon  and  xenon  (98.93  :  1 .0),  no  significant  re¬ 
duction  or  increase  in  absorption  was  observed. 

The  observed  absorption  in  pure  neon  plasmas  was 
broad  banded  ( Fig  2).  increased  linearly  with  increased  elec¬ 
tron-beam  pumping  current  (Fig.  4),  and  was  greatly  re¬ 
duced  when  small  amounts  of  xenon  (0.2%)  were  added 
(Fig.  3).  Numerical  models  of  pure  neon-xenon  mixtures 
show  that  the  only  species  whose  number  densities  follow  the 
experimentally  observed  absorption  as  a  function  of  pump¬ 
ing  current  and  xenon  admixture  are  the  electronically  ex¬ 
cited  atoms  (Ne*)  and  the  excited  dimers  (Ne]).  Since  the 
absorption  is  broadband,  the  absorber  must  be  the  dimer. 
When  xenon  is  added  to  the  mixture  the  excited  neutral  spe¬ 
cies  are  removed  through  the  mechanisms  of  Penning  associ¬ 
ative  ionization.  Although  the  dimer  ion  (Ne/  )  absorption 
is  also  broadband,  the  predicted  reduction  in  its  density 
when  xenon  is  added  is  much  smaller  than  the  observed  re¬ 
duction  in  absorption.  One  would  expect  Ne'  and  Ne,'  to  be 
removed  by  charge-transfer  reactions  with  xenon.  However, 
the  reaction  rate  constants  for  these  processes  are  small 
(  <  10  "  cm  /sec),1"  and  thus  they  have  little  effect  on  the 
dimer-ion  concentration.  The  dimer-ion  concetration  does 
drop  slightly  due  to  the  increased  electron  concentration  re¬ 
sulting  from  Penning  ionization  of  xenon.  In  addition,  the 
model  predicts  a  less  than  linear  dependence  on  pumping 
current  for  the  Ne,‘  number  density. 

The  dependence  of  the  number  densities  of  Ne,'  and 
Ne]  on  electron-beam  pumping  current  can  be  estimated  by 
considering  the  dominant  reactions  involved  in  production 
and  loss  of  Ne,'  and  Ne]: 


eh  +  Ne  *Ne'  4  eh  4  e  , 

(i) 

A 

Ne'  ♦  2Nc  *Ne.'  4  Ne, 

(2) 

A 

Ne,'  4  e  >Ne*  4  Ne. 

(3) 

k 

Nc*  +  2Ne  *Ne*  +  Ne, 

(4) 

Ne*  *hv  -p  2Ne. 

(5) 

These  reactions  are  described  by  the  following  differen¬ 


tial  equations 

rflN--1-  =  5  —  A,[Ne'|  |Ne|'.  (6) 

dt 

d  ( Ne,'  ) 

— - —  =  A1(Ne')|Ne];  -  k\e  )  1  Ne,'  ),  (7) 

dl 

d  1  N-e* 1  =  A.|e  ][Ne,'  ]  -  k  [Ne*||Ne]:,  (8) 

dt 

if  [Net] 

=  <:,[Ne* ) | Ne ] -  -  A  [Ne,].  (9) 

lit 


S  is  the  electron-production  rate  from  the  high-energy  elec¬ 
tron  beam,  e  is  the  electron  number  density  ,  and  A  is  thy 
spontaneous  emission  coefficient.  At  these  pressures 
[  Ne,'  )  >  [  Ne'  |;  thus,  (e  ]  -  [Ne,'  ]  For  the  steady-state 
conditions.  Eqs.  (6)  and  (7)  reduce  to 

Sa  [Ne,'  ]'.  (10) 

and  Eqs.  (6)  through  (9)  yield 

So  [Ne]].  (11) 

These  two  equations  show  that  the  dimer-ion  density  in¬ 
creases  as  the  square  root  of  the  current  w  hile  the  excited 
dimer  increases  linearly  with  current 

Although  the  foregoing  analysis  is  based  on  some  sim¬ 
plifying  assumptions,  conclusions  drawn  from  the  detailed 
calculations  of  the  kinetic  model  are  in  substantial 
agreement 

In  comparing  gain  and  absorption  data  for  the  XeCI 
laser  with  that  of  the  XeF  laser  there  are  some  similarities. 
The  background  absorption  in  neon  plasmas  is  large  at  both 
wavelengths.  This  background  absorption  is  significantly  re¬ 
duced  when  xenon  is  added  to  neon.  However,  in  marked 
contrast  to  the  XeF  laser,  the  addition  of  the  halogen  donor 
(HCI)  does  not  reduce  the  background  absorption.  Also,  in 
XeCI  laser  mixtures  this  background  absorption  is  observed 
to  increase  with  increasing  current.  Although  the  back¬ 
ground  absorption  for  the  XeCI  laser  is  much  greater  than 
that  observed  for  the  XeF  laser,  the  small  signal  gain  for  the 
XeCI  laser  is  also  much  greater.  The  absorption  present  in 
Ne/Xe  mixtures  is  either  not  removed  when  HCI  is  added  or 
is  replaced  by  another  absorbing  species  for  which  HCI  is  the 
precursor. 
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Transient  absorption  experiments  in  pure  and  mixed  rare  gases  were 
performed  at  the  XeF  laser  wavelength  using  a  broadband  probe  technique. 


The  major  absorbing  species  in  this  region  are  identified.  There  is  a 
strong  broadband  absorption  in  electron-beam  excited  argon  which  is  due 
to  Ar2+.  In  neon  plasmas  the  broadband  absorption  is  much  weaker. 
However,  there  are  a  number  of  strong  line  absorptions  due  to  Ne 
(3s-4p)  transitions,  one  of  which  coincides  with  the  351  nm  emission 
band  of  the  XeF  laser.  Addition  of  xenon  reduces  Ne*  absorption.  The 
amount  of  xenon  used  is  limited  by  the  formation  of  Xe£+  which  is  also 
a  strong  absorber  in  the  350  nm  region. 


Transient  absorption  in  e- bra  in  excited  rare  gases  has  been  recog¬ 
nized  as  a  serious  di sadvantage  to  the  development  of  high  energy  lasers 
as  it  lowers  the  laser  extraction  efficiency  and  limits  scalability. 
Absorption  studies  in  both  uv  and  visible  regions  of  the  spectrum  have 
been  reported  using  either  single  wavelength  or  continuously  tunable  laser 
probe  techniques.^  ®  Since  e-beam  excited  rare  gases  are  used  as  high 
energy  storage  media  for  several  lasers,  an  understanding  of  the  absorp¬ 
tion  phenomena  in  addition  to  measuring  absorption  is  highly  desirable. 

This  requites  the  identification  of  the  transient  absorbing  species  which 
may  include  excited  atoms,  excited  dimers  and  dimer  ions  depending  on 
the  wavelength  region  of  interest  and  the  rare  gases  used. 

Theoretical  calculations^  indicate  that  all  rare  gas  dimer  ions  have 
a  broad  absorption  spectrum  in  the  uv  and  visible  regions  with  the  posi¬ 
tions  of  the  absorption  peaks  shifting  to  longer  wavelengths  for  the 
heavier  rare  gases.  Hence,  it  is  not  unusual  to  find  more  than  one 
excited  state  specie  responsible  for  absorption  at  any  given  wavelength. 

The  concentrations  of  these  absorbers  are  also  expected  to  change  with 
e-beam  current  density,  pressure  and  temperature.  Therefore,  an  absorption 
measurement  at  a  single  wavelength,  though  quantitative,  provides  limited 
information  about  the  absorbers  themselves.  A  wider  spectral  region  must 
be  probed  in  order  to  better  characterize  these  transient  absorbers.  In 
this  paper  we  report  the  application  of  a  broadband  probe  technique  to 
study  transient  absorption  in  the  330-360  nm  region  in  e-beam  excited 
rare  gases  under  long  pulse  operation.  This  technique  offers  a  significant 
amount  of  information  in  a  single  pulse,  allowing  one  to  study  broadband 
absorption  and  line  absorption  simultaneously  and  to  determine  the  rela¬ 
tive  contribution  of  all  species  as  a  function  of  wavelength.  Our 
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investigations  include  c  beam  excited  pure  Ne,  Ar,  Xe  as  well  as  Ar/Xe 

and  Ne/Xe  mixtures.  Absorption  characteristics  relevant  to  electron- 

beam  pumped  XeF  laser  operation  will  be  discussed. 

The  experimental  apparatus  was  a  1-meter  laser  chamber  used  pre- 

3 

viously  for  gain  and  absorption  measurements.  Electron  beam  pulses 

•  -7 

of  1  psec  duration  and  variable  current  density  from  2  to  8  A  cm 

were  delivered  to  the  gas  at  300K.  The  probe  source  was  the  broadband 
dye  emission  (330-360  nm)  of  p-terphenyl  in  ethanol  pumped  by  a  coaxial 
xenon  flashlamp  (Phase-R  Corp.  Model  DL-2100-CXH).  The  optical  pulse, 

~  0.5  psec  (FWHM),  was  synchronized  with  the  e-beam  pulse  to  probe  the 
excited  gas  at  the  peak  of  the  beam  current.  The  wavelength  integrated 
dye  emission  intensity  signal  monitored  by  a  S-5  photodiode  and  the 
current  pulse  were  monitored  on  a  dual -beam  oscilloscope  for  each  shot. 

The  dye  emission  passed  through  the  1-meter  long  cell.  The  output  spec¬ 
trum  was  photographed  on  Kodak  Tri-X  Pan  film  using  a  Minuteman  0.5  meter 
spectrometer  with  a  1200  grooves/mm  grating  blazed  at  2000  %  (~  3  8 
resolution).  In  recording  the  absorption  spectrum,  a  single  shot  provided 
adequate  exposure  on  the  film.  In  order  to  properly  compare  absorption 
in  e-beam  excited  rare  gases,  one  of  the  criteria  of  these  measurements 
is  that  the  pressure  of  the  rare  gases  was  varied  such  that  energy  depo¬ 
sition  in  the  gas  in  each  case  was  comparable. 

The  absorption  spectra  of  e-beam  excited  pure  neon  at  4  atm  are 
shown  in  Fig.  1.  Comparison  of  the  dye  emission  spectrum  with  and  without 
e-beam  excitation  revealed  numerous  line  absorptions  superimposed  on  a 

weak  broadband  absorption.  The  line  absorptions  are  attributed  to  known 

3  3 

transitions  out  of  the  low-lying  excited  P^  and  stages  of  Ne.  At 
low  e-beam  pumping  currents,  distinct  line  absorption  features  were  observed. 
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With  increased  pumping,  some  line  features  were  no  longer  apparent  as 
absorption  appeared  in  regions  between  the  atomic  lines.  The  observed 
absorption  characteristic  was  indeed  transient  and  was  not  observed 
1  psec  after  the  current  pulse.  Of  particular  concern  to  the  XeF  laser 
operation  is  the  presence  of  neon  line  absorption  at  3510.7  8.  This 
lies  close  to  the  v'  =  0  >  v"  =  2  transitions  of  XeF  at  3512  8  and  coin¬ 
cides  with  the  1  *-  4  transition  at  3510.8  8.  With  equal  energy  depo¬ 
sited  in  2  atm  of  pure  argon,  the  absorption  spectrum  showed  a  much 
more  severe  broadband  absorption  than  neon  with  few  weak  line  features 
because  there  are  no  Ar  lines  with  large  oscillator  strengths  in  this 
region.  The  time  behavior  and  the  increased  absorption  with  pumping 
current  were,  however,  the  same  as  in  the  neon  case. 

The  addition  of  a  small  quantity  of  xenon  to  neon  significantly 
altered  the  absorption  characteristics  as  illustrated  in  Fig.  2.  The 
microdensitometer  tracings  are  those  of  the  dye  emission  spectrum  with 
and  without  e-beam  excitation  of  the  rare  gases.  With  0.2%  Xe  in  4  atm 
of  Ne  (middle),  the  Ne  line  absorption  features  were  greatly  reduced 
and  a  small  reduction  in  the  broadband  absorption  was  observed  as  compared 
to  the  pure  Ne  case  (top).  With  Xe  concentration  increased  to  2%  (bottom), 
all  Ne  line  features  were  removed  and  an  increase  in  the  broadband  absorp¬ 
tion  appeared.  In  the  case  for  pure  Xe  (bottom),  comparable  energy 
was  deposited  into  467  torr  of  Xe.  The  excited  Xe  plasma  exhibited 
strong  broadband  absorption  in  this  wavelength  region,  much  more  so  than 
even  in  the  argon  case.  The  effect  of  adding  xenon  to  2  atm  of  argon 
is  much  less  dramatic.  Little  or  no  change  occurred  in  the  absorption 
spectrum  with  xenon  concentration  up  to  IX.  Again,  as  Xe  concentration 
was  further  increased,  the  absorption  spectrum  began  to  resemble  that 
in  Fig.  2  (bottom). 


The  long  pulse  XeF  laser  was  initially  operated  with  electron 

g 

beam  excitation  of  Ar/Xe/NF^  gas  mixtures  and  the  diluent  gas  argon 

3 

was  later  replaced  by  neon.  This  substitution  resulted  in  increased 

extraction  efficiency  and  the  improvement  was  attributed  to  reduction 

3 

of  the  transient  absorption  within  the  laser  medium.  With  the  help 

q 

of  a  kinetic  model,  Finn  et.  al .  examined  these  absorption  measure- 

3 

ments  conducted  in  pure  Ne,  Ne/Xe  mixtures  and  the  laser  mixtures. 

They  conclude  that  Ne,,*  is  most  likely  the  major  absorber  in  pure  Ne 
plasma  and  under-optimum  laser  conditions  Xe^+  is  the  dominant  absorber. 

In  light  of  our  present  observations,  the  relevance  of  the  diluent  gas 
(Ne  versus  Ar)  and  the  effect  which  the  admixture  gas  (Xe)  has  on 
absorption  in  the  XeF  laser  operation  can  be  better  understood. 

The  results  of  recent  absorption  measurements  ’  are  shown  in 
Fig.  3.  Our  present  observations  agree  well  with  these  measurements 
on  a  qualitative  basis.  At  3511  8  the  absorption  in  pure  Ne  plasma 
actually  exceeds  that  in  argon.  This  is  due  to  the  strong  Ne*  line 
absorption  present  at  3510.7  8.  However,  the  addition  of  xenon  has  a 
very  different  effect  on  each  diluent  gas.  Up  to  1%  of  Xe  addition  to 
argon,  the  absorption  at  3511  8  is  essentially  unchanged  from  the  value 
measured  in  pure  argon.  In  contrast,  the  addition  of  0.2%  of  Xe  to 
neon  sharply  reduced  the  absorption  and  this  is  due  to  the  reduction  of 
Ne*  absorption  mainly,  as  illustrated  by  the  changes  in  absorption  spectra 
in  Fig.  2.  Reduction  of  Ne*  is  most  likely  a  result  of  Penning  ionization 
of  Xe  by  Ne*  but  the  Xe  interception  of  Ne*  formation  via  dissociative 
recombination  of  Neg+  should  also  be  considered.  Further  increase  of 
xenon  concentration  in  neon  resulted  in  a  gradual  increase  in  absorption. 
Our  absorption  spectra  indicated  that  under  these  circumstances  the  Ne* 
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absorption  was  completely  reiiioved  but  the  broadband  absorption  increased. 
Ibe  latter  is  associated  with  the  increase  in  formation  of  Xe£+. 

So  far,  we  have  been  concerned  with  the  3511  8  output  of  the  XeF 
laser.  The  other  band  at  3532  8  is  the  v1  =  0  »•  v“  =  3  transition. 

The  3511  8  emission  is  observed  to  be  substantially  weaker  than  that 
at  3532  8  in  long  pulse  e-beam  excited  Ne/Xe/NF^  laser  mixtures.** 

The  pure  neon  absorption  spectrum  in  Fig.  2  (top)  shows  that  there  is 
no  Ne*  absorption  at  3532  8  only  a  weak  broadband  absorption  which  is 
present  over  the  whole  spectral  region  investigated.  At  0.2%  Xe  in 
Ne  which  is  the  optimum  Xe  concentration  in  XeF  laser,  the  Ne*  absorp¬ 
tion  at  3511  8  is  reduced  but  not  completely  removed  (see  Fig.  2,  middle). 
There  still  exists  a  difference  in  the  amount  of  absorption  present  at 
the  two  wavelengths.  Two  absorbing  species  are  found  at  3511  8  but  only 
one  at  3522  8.  It  is  possible  that  the  difference  in  emission  intensity 
of  the  two  bands  could  be  accounted  for  by  the  difference  in  transient 
absorption.  Since  absorption  in  pure  argon  plasma  is  essentially  broad¬ 
band,  the  use  of  argon  as  the  diluent  will  present  comparable  absorption 
at  both  wavelengths.  This  is  consistent  with  the  observation  of  compa¬ 
rable  emission  intensity  from  both  bands  in  e-beam  excited  Ar/Xe/NF^ 
mixtures. ** 

The  identification  of  absorbing  species  other  than  excited  atoms 
is  less  straightforward.  Nevertheless,  based  on  theoretical  calcula¬ 
tions  and  experimental  information  accumulated  so  far,  A^+  is  mainly 
responsible  for  the  broadband  absorption  in  Ar/Xe/NF^  mixtures  over 
this  wavelength  region.  The  broadband  absorption  in  Ne  is  likely  to 
be  due  to  Neg+  even  though  ab  initio  calculations  by  Wadt  et.  al.^ 
indicate  that  Neg+  absorption  in  35Q  nm  region  is  weak. 
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In  summary,  we  have  demonstrated  the  technique  of  using  a  broad¬ 
band  omission  source  to  study  the  transient  absorption  in  e-beam  excited 
rare  gases.  This  technique  is  limited  only  by  the  spectra]  range  of 
the  spontaneous  dye  emission.  Neon  is  a  significantly  better  diluent 
gas  for  the  XeF  laser  than  argon  because  the  broadband  absorption  is 
weaker  and  the  Ne*  line  absorption  is  lowered  in  the  presence  of  xenon. 
One  of  the  reasons  why  the  Xe  concentration  in  the  XeF  laser  must  be 
kept  low  is  because  of  the  strong  correlation  between  Xe  and  Xe^+  forma¬ 
tion  and  the  large  absorption  cross  section  of  Xe^+  at  this  wavelength. 
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Figure  1.  Absorption  spectra  of  electron  beam  excited  pure  Ne  at 
4  atm.  (a)  Ne  atomic  spectra  for  calibration;  (b)  Dye 
emission  spectrum  without  e-beam  excitation  of  Ne;  (c,  d 
and  e)  Dye  emission  spectra  with  e-beam  excitation  at’ 
3.8,  5.0  and  7.6  A  cm  2  respectively;  and  (f)  1  nsec 
after  e-beam  current  pulse. 
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Figure  2.  Microdensitometer  tracings  of  the  transient  absorption 

spectrum  as  a  function  of  Xe  concentration  in  4  atm  of  Ne 
at  7  A  cm  2 .  In  each  case,  the  top  and  smoother  trace 
represents  the  dye  emission  spectrum  without  the  excitation 
of  the  rare  gases.  The  XeF  (B-X)  lasing  transitions  are 
indicated  by  v‘  -  vH. 
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ABSORPTION 


XENON  (%) 

Figure  3.  Measured  absorption  at  3511  ft  in  both  Ar  and  Ne  as  a  func 
tion  of  Xe  concentration  at  7  A  cm"2.  The  Ar  and  Ne 
pressures  were  kept  at  2  and  4  atm  respectively. 
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Temperature  Dependent  Absorption  Processes  in  the  XeF  Laser 


During  the  past  year,  experiments  were  undertaken  to  compliment  the 
existing  data  base  on  heated  XeF  laser  performance.  The  results  of  these 
experiments  provide  both  a  better  understanding  of  those  physical  processes 
which  contribute  to  the  improved  performance  of  the  XeF  laser  as  a  function 
of  temperature  and  information  by  which  further  improvements  to  the  laser 
may  be  made. 

Previously,  improved  performance  at  elevated  temperature  was  attributed 
to  changes  which  occur  within  the  laser  species  itself  rather  than  in  the 
laser  medium.  This  irprovetrent  was  attributed  to  both  an  improved  relaxa¬ 
tion  of  the  vibrational  manifold  of  the  upper  laser  level  as  well  as  to 
improved  dissociation  of  the  lower  laser  level.  The  increased  population 
in  the  v‘  =  1  and  v'  =  0  combined  with  a  net  decrease  in  population  of  the 
lower  vibrational  manifold  especially  levels  v"  =  2,  3  and  4  would  result 
in  a  greater  population  inversion.  However,  several  experimental  observa¬ 
tions  do  not  support  this  theory. 

With  ambient  heating  (to  175°C)  there  was  a  dramatic  improvement  in 

the  stimulated  emission  at  351  nm  [(1,4),  (0,2)]  but  a  decrease  in  stimulated 

1  2 

emission  was  observed  at  353  nm  (0,3).  Also,  any  improvement  in  the  vibra¬ 
tional  relaxation  of  the  upper  manifold  as  a  function  of  temperature  should 
be  accompanied  by  an  increase  in  the  net  spontaneous  emission  from  the  upper 
laser  level.  This  was  not  observed.  Dissociation  of  the  lower  laser  level 
would  not  necessarily  result  in  a  change  in  the  net  spontaneous  emission  but 
should  effect  both  the  351  nm  emission  band  and  353  nm  emission  band  equally. 
Attempts  to  attribute  improved  performance  of  the  laser  to  changes  within 
the  laser  species  itself  were  further  complicated  by  the  observation  that 


the  relative  spontaneous  emission  between  351  nm  and  353  nm  measured  via 

side  fluorescence  was  not  observed  to  change  significantly  as  a  function 
1  3 

of  temperature.  *  This  was  in  marked  contrast  to  the  observed  stimulated 

1  2 

emission  as  a  function  of  temperature.  ’  By  performing  transient  absorption 
and  axial  fluorescence  measurements  as  a  function  of  temperature  changes 
within  the  laser  medium  itself  could  be  observed.  The  results  of  these 
experiments  combined  with  the  previous  experimental  observation  yield 
a  consistent  explanation  as  to  why  the  electron  beam  pumped  XeF  laser 
works  better  at  elevated  temperature. 

Transient  absorption  studies  were  made  using  two  different  probing 
techniques;  single  wavelength  probing  and  broad  band  probing.  The  results 
of  single  wavelength  probing  using  the  rare  gas  ion  laser  are  detailed 

4 

below.  Briefly,  we  find  that  in  pure  neon  plasmas  there  are  two  types  of 
absorption  present;  a  broad  but  weak  band  of  absorption  is  observed, 
which  increases  with  increasing  temperature  and  a  strong  narrow  band  (~  20  8) 
of  absorption  is  observed  around  351  nm.  Moderate  heating  reduces  this  narrow 
band  absorption.  Improved  performance  of  the  XeF  laser  at  elevated  tempera¬ 
ture  is  primarily  due  to  a  reduced  absorption  in  the  laser  medium  at  351  nm. 
The  results  of  broad  band  absorption  experiments  in  neon  plasmas  and  mixed 
rare  gases  as  well  as  axial  fluorescence  measurements  in  Ne/Xe/NF3  mixtures 
support  these  conclusions. 

Figure  1  represents  typical  data  taken  in  pure  neon  plasmas  with  the 
broad  band  probing  technique.  A  neon  lamp  was  used  to  calibrate  wavelength. 
The  broad  band  probe  source  used  was  a  dye  emission  from  p-terphenyl  in 
ethanol  with  an  emitting  region  from  330  to  360  nm.  Transient  absorption 

_p 

while  the  discharge  was  on  was  observed  at  three  pumping  currents;  3.8  A-cm  , 
-2  -2 

5.0  A-cm  and  7.6  A-cm  .  This  pumping  current  was  incident  to  the  active 

volume.  Spontaneous  emission  in  this  wavelength  region  from  the  neon  plasma 
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was  small.  Time  resolved  absorption  at  .2  ysec  and  one  microsecond  was 
also  observed.  At  low  pumping  currents  we  observed  strong  narrow  line 
absorption  in  pure  neon  plasmas  throughout  the  probed  region.  As  the 
pumping  current  was  increased  the  line  absorption  became  less  pronounced 
and  absorption  between  these  lines  increased.  At  high  pumping  current  a 
band  of  absorption  was  observed.  These  absorption  lines  coincide  exactly 
with  the  atomic  transitions  of  neon  shown  with  the  neon  lamp.  There 
are  three  atomic  transitions  in  neon  between  the  3s  and  4p  states  centered 
at  3510.7,  3515.2  and  3520.5  8.^  This  absorption  band  coincides  with  the 
(1,4)  and  (0,2)  vibrational  band  of  the  B-*-X  transition  of  XeF  @  351  nm.® 

This  absorption  band  is  superimposed  on  a  weak  but  broad  band  of  absorption 
which  extends  over  the  entire  probing  region.  The  weak  broad  band  of 
absorption  which  increased  with  increasing  pump  current  is  attributed  to 
the  dimer  ion  Ne2+. 

Figure  2  superimposes  two  microdensitometer  traces  from  the  broad 
band  probe  source.  Broad  band  emission  from  the  probe  source  is  compared 
under  two  conditions;  one  with  the  electron  beam  exciting  4  atm  of  neon 
and  one  without  excitation,  inith  the  discharge  on  we  observe  strong 
narrow  bands  of  absorption  superimposed  on  a  weaker  but  broad  band  of  absorp¬ 
tion  which  extends  over  the  entire  region.  One  strong  narrow  band  of  absorp¬ 
tion  coincides  with  the  351  nm  emission  band  of  the  XeF  laser  but  there 
is  no  correspondingly  strong  band  of  absorption  at  353  nm. 

Figure  3  plots  typical  data  in  pure  neon  plasmas  as  a  function  of 
temperature.  The  neon  lamp  was  used  to  calibrate  wavelength.  Transient 
absorption  is  observed  at  different  temperatures.  As  the  temperature 
Is  increased,  the  absorption  lines  become  more  pronouced.  This  is  attributed 
to  an  overall  reduction  in  the  strong  narrow  band  of  absorption  in  the  351  nm 


region  especially  between  the  lines.  The  broad  background  absorption 
increases  slightly  with  increasing  temperature. 

In  order  to  compare  temperature-dependent  changes  in  the  laser 

medium  to  those  temperature-dependent  changes  associated  with  the  laser 

species  itself,  axial  fluorescence  measurements  were  made  and  the  results  compared 

1  3 

with  side  fluorescence  measurements  made  elsewhere.  ’ 

Axial  fluorescence  is  a  measure  of  the  spontaneous  emission  in  the 
presence  of  absorption  along  the  optical  axis.  Side  fluorescence  mini¬ 
mizes  the  effects  of  absorption. 

Two  temperature  effects  were  observed  with  axial  fluorescence  measure¬ 
ments.  At  room  temperature,  the  spontaneous  emission  at  351  nm  was  less 

_o 

intense  than  353  nm  emission  for  pumping  currents  in  the  range  from  2-7  A-cm  . 

But  at  150°C  the  relative  intensity  of  the  two  spontaneous  emission  bands 
were  comparable  in  this  pumping  current  range.  Also,  the  net  spontaneous 
emission  decreased  with  increasing  temperature.  Figure  4  is  the  axial 
emission  spectra  for  optimum  neon-xenon  NF^  mixtures  at  two  different 
pumping  currents  and  two  different  temperatures.  A  neon  pen  lamp  is  used 
to  calibrate  wavelength.  At  both  pumping  currents  net  spontaneous  emission 
along  the  optical  axis  decreased  with  increasing  temperature.  This  contrasts 
with  side  fluorescence  measurements  in  that  neither  the  relative  intensity 
of  the  two  emission  bands  nor  the  net  spontaneous  emission  was  observed  to 
change  with  temperature.  *  This  indicates  that  the  broad  band  of  absorption 
observed  in  neon  plasmas  is  present  in  the  laser  mixture  and  just  as  in  the 
case  of  the  pure  neon  plasma  this  absorption  increases  with  increasing 
temperature. 

The  reduced  spontaneous  emission  along  with  optical  axis  at  elevated 
temperatures  is  attributed  to  an  increase  in  the  weak  broadband  absorption.  The 
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increased  intensity  of  the  351  nm  emission  band  with  increasing  temperature 
which  is  observed  along  the  optical  axis  is  attributed  to  a  reduction  of 
the  strong  narrow  band  absorption  at  351  nm.  The  observation  of  no  measurable 
increase  in  the  net  spontaneous  emission  with  temperature  in  the  absence 
of  absorption  indicates  that  the  improved  performance  of  the  XeF  laser 
with  moderate  heating  is  more  likely  due  to  a  reduction  in  medium  absorption 
than  to  increased  energy  extraction  from  the  upper  laser  level.  However, 
increased  dissociation  of  the  lower  laser  level  would  not  result  in  an 
increase  in  net  spontaneous  emission. 

That  increased  dissociation  of  the  lower  laser  level  can  occur  with 
moderate  heating  is  generally  accepted.  However,  the  presence  of  a  broad 
band  of  absorption  due  to  Ne2+  and  the  observation  that  this  absorption 
increases  with  increasing  temperature  tends  to  counteract  any  improvement 
in  laser  performance  which  ground  state  dissociation  would  otherwise  provide. 
As  a  result  of  these  two  competing  effects  there  will  be  an  optimum 
ambient  temperature  for  which  the  stimulated  emission  at  353  nm  will  reach 
a  maximum  value.  At  both  lower  and  higher  temperatures  stimulated  emission 
at  353  nm  will  be  reduced  from  this  peak  value. 

The  results  of  both  single  wavelength  probing  and  broad  band  probing 
experiments  are  in  excellent  agreement.  Based  on  these  results  and  axial 
fluorescence  experiments  we  conclude  that  there  are  two  types  of  absorption 
present  in  pure  neon  plasmas,  a  weak  but  broad  band  of  absorption  which  is 
attributed  to  the  dimer  ion  Neg+  and  a  strong  narrow  band  of  absorption 
which  is  a'tributed  to  the  atomic  transitions  in  neon.  The  weak  but  broad 
band  of  absorption  increases  with  increasing  temperature  but  the  strong 
narrow  band  of  absorption  decreases  with  increasing  temperature.  Both  types 
of  absorption  are  present  in  laser  mixtures. 
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The  improved  performance  in  the  XeF  laser  is  primarily  due  to  a  reduc¬ 
tion  in  the  strong  narrow  band  absorption  at  351  nm  when  the  laser  mixture 
is  heated.  No  experimental  verification  exists  to  support  the  contention 
that  moderate  heating  will  increase  the  vibrational  relaxation  of  the 
upper  laser  level.  The  increase  in  the  broad  band  absorption  (Ne^)  at 

i 

elevated  temperature  tends  to  counteract  any  improvement  which  would  arise 

{ 

from  increased  dissociation  of  the  lower  laser  level. 

The  observation  of  a  strong  narrow  band  of  absorption  in  neon  which 
coincides  with  the  emission  band  at  351  nm  at  room  temperature  has  impli¬ 
cations  for  further  improvement  in  the  XeF  laser.  This  information  could 
be  applied  to  experiments  in  which  the  XeF  laser  could  be  injection  locked 
provided  the  absorption  band  does  not  completely  overlap  the  emission  band. 

Also,  in  an  amplifier  this  narrow  band  of  absorption  could  be  saturated 
by  an  optical  pump  source  of  sufficient  intensity. 
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Figure  1.  Absorption  spectra  of  electron  beam  pumped  neon  plasma 
at  4  atm  as  a  function  of  pumping  current. 
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2.  Microdensitometer  traces  of  broad  band  probe  source  with  and  without 
transient  optical  absorption. 
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Figure  3.  Absorption  spectra  of  electron  beam  pumped  neon  plasma  at 
4  ama  as  a  function  of  temperature. 
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Temperature-dependent  absorption  processes  in  the  XeF  laser 

L  F.  Champagne 

l  oser  Physics  Branch.  Optical  Sciences  Division,  Saval  Research  Laboratory.  Washington.  D  C  203  75 
(Received  1 1  June  1979;  accepted  for  publication  31  July  1979) 

Temperature-dependent  absorption  processes  in  neon/xenon/NF,  mixtures  are  reported.  In 
pure  neon  plasmas  there  are  two  types  of  absorption  present;  a  broad  but  weak  band  of 
absorption  is  observed,  which  increases  with  increasing  temperature,  and  a  strong  narrow  band 
of  absorption  is  observed  around  351  nm.  Moderate  heating  reduces  this  absorption.  Improved 
performance  of  the  XeF  laser  at  elevated  temperature  is  primarily  due  to  reduced  absorption  in 
the  laser  medium  at  351  nm 

PACS  numbers:  42  55.Hq,  42  60  He,  42.60.By 


For  short  pumping  pulses  (y  50  ns)  by  discharge,'  pro¬ 
ton  beam,-'  or  electron  beam,'  the  xenon  fluoride  laser  is  ob¬ 
served  to  emit  on  two  distinct  bands  at  351  I  and  353.2  nm, 
independent  of  the  diluent  which  is  used.  In  each  case  the 
observed  intensity  from  the  two  banc's  is  comparable.  For 
long-pulse  electron  beam  pumping  of  argon/xenon/NF, 
mixtures,  two-band  emission  is  also  observed.*  When  neon  is 
used  as  diluent  and  the  laser  mixture  is  pumped  by  an  elec¬ 
tron  beam  for  times  >  100  ns,  the  emission  at  351  nm  is 
observed  to  be  substantially  weaker  than  that  observed  at 
353  nm  * '  However,  in  the  first  100  ns  emission  at  351  nm  is 
comparable  to  emission  at  353  nm.” 

Recently,  improved  performance  in  the  XeF  laser  has 
been  observed  when  mixtures  of  neon,  xenon,  and  NF,  are 
heated  to  —  175  ”C.” '  One  of  the  characteristics  of  this  im¬ 
proved  performance  is  the  increased  emission  at  35 1  nm  with 
increasing  temperature  Presently,  this  improvement  is  at¬ 
tributed  in  pari  to  increased  energy  extraction  from  the  up¬ 
per  laser  level  and  in  pari  to  increased  dissociation  of  the 
lower  laser  level.'  ’ "  Reduced  absorption  at  elevated  tem¬ 
peratures  may  also  contribute  to  the  improved  performance. 


In  this  letter  we  report  the  results  of  absorption  studies 
as  a  function  of  temperature  in  the  351-nm  region.  Briefly, 
we  observe  two  types  of  absorption  in  neon  plasmas;  a  broad 
but  weak  absorption  from  3378  to  3638  A,  and  a  strong  band 
of  absorption  which  coincides  with  the  351-nm  emission 
band  of  the  xenon  fluoride  laser.  Addition  of  xenon  and  NF, 
does  not  completely  remove  this  absorption  at  351  nm  but 
does  remove  it  at  353  nm.  Moderate  heating  reduces  absorp¬ 
tion  in  pure  neon  plasmas  at  351  nm  but  increases  it  else¬ 
where,  including  353  nm.  Absorption  in  neon/xenon  mix¬ 
tures  is  lower  at  elevated  temperatures  than  at  room 
temperature.  In  the  laser  mixture,  the  measured  small-signal 
gain  at  35 1  nm  increases  by  a  factor  of  2  when  the  tempera¬ 
ture  is  increased  from  20  to  1 50  °C  but  the  small-signal  gain 
at  353  nm  is  not  a  sensitive  function  of  temperature. 

The  net  spontaneous  emission  measured  along  the  opti¬ 
cal  axis  decreases  with  increasing  temperature.  Also,  the  rel¬ 
ative  emission  intensity  at  351  nm  increases  with  respect  to 
353-nm  emission  as  the  temperature  increases. 

The  laser  chamber  used  in  these  experiments  is  essen¬ 
tially  the  same  as  that  used  previously.”  A  current  density  of 
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FIG  I  Schematic  diagram  of  the  laser  cell  The  cell  can  be  operated  over  a 
temperature  range  20-150'C 


~  7  A  cm  !  irradiated  an  active  volume  of  387  cm1.  Pump¬ 
ing  pulses  were  1.2  //see  in  duration.  Some  modifications 
were  made  to  the  laser  cell  in  order  to  operate  in  the  tempera¬ 
ture  range  20- 1 50  *C  (Fig.  1 ).  The  modifications  included 
the  addition  of  two  stainless  steel  plates,  which  serve  as  ther¬ 
mal  insulators,  to  house  the  monel  laser  chamber.  Heating 
was  provided  by  resistive  stripline  heaters  positioned  at  the 
top  and  bottom  of  the  laser  chamber.  The  active  length  and 
volume  was  not  changed.  The  current  density  incident  to  the 


active  volume  was  reduced  by  about  lO^r  when  the  thermal 
insulator  was  placed  between  the  primary  electron  beam  and 
the  laser  chamber 

Both  a  rare-gas  ion  laser  and  flash  lamp  pumped  dye 
laser  were  used  to  probe  (he  discharge  The  rare-gas  laser 
was  used  to  accurately  reproduce  well-known  wavelengths 
The  flash  lamp  pumped  dye  laser  was  used  to  provide  a  pro¬ 
file  of  absorption  in  the  region  of  interest  The  wavelength  of 
the  dye  laser  could  be  accurately  determined  but  retuning 
the  dye  laser  to  a  specific  wavelength  was  very  difficult  and 
was  not  attempted  here  The  output  spectrum  of  the  dye 
laser  was  monitored  with  a  J-m  Minuteman  monochroma¬ 
tor.  The  monochromator  was  calibrated  with  a  mercury  pen 
lamp.  The  time  resolved  output  from  either  probe  laser  was 
monitored  before  and  after  the  laser  chamber  with  S-5 
photodiodes. 

Figure  2  is  a  plot  of  the  room-temperature  profile  of 
absorption  in  a  pure  neon  plasma  as  a  function  of  wave¬ 
length.  In  addition,  absorption  at  T-  150  “C  is  plotted  at  two 
specific  wavelengths:  351 1.13  and  3542  A.  The  pumping 
current  incident  to  the  active  volume  (7  A  cm  ’)  was  ex¬ 
perimentally  equal  to  that  used  in  pumping  the  optimum 
laser  mixture  at  a  total  pressure  of  4  amagats.  Under  these 
conditions  the  energy  absorbed  by  the  gas  mixtures  at  the 
two  different  temperatures  was  comparable.  Absorption 
measurements  at  accurately  known  wavelengths  are  denoted 
by  +  and  <3.  The  absorption  measurements  taken  with  the 
flash  lamp  pumped  dye  laser  are  denoted  by  ■  and  □  .  At 
room  temperature,  a  broadband  but  weak  absorption  was 
observed  in  the  region  from  3378.3  to  3637.8  A.  Superim¬ 
posed  on  this  was  an  absorption  of  large  amplitude,  asym¬ 
metrical  in  shape,  and  approximately  20  A  (FWHM)  wide. 


WAVELENGTH  (ANGSTROMS) 

FIG  2  Profile  of  (raiment  absorption  in  neon  plasma.  Plot  includes  accurately  known  wavelengths  (  +  )  and  several  probe  wavelengths  generated  by  a  flash 
lamp  pumped  dye  laser  (■).  Absorption  at  T  =  1 30  'C  is  plotted  for  two  wavelengths  (fi.D) 
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FIG.  3.  Measured  absorption  at  35 1 1 . 13  A  in  neon  as  a  function  of  xenon 
concentration  at  two  different  temperatures. 


Probing  with  the  krypton  ion  transition  at  3507.4  A,  the 
measured  absorption  was  —0.2%  cm'1.  Probing  with  the 
argon  ion  transition  at  3511. 13  A,  the  measured  absorption 
was  2.5%  cm  ~  '.  Measured  absorption  at  these  two  points 
defined  a  sharply  rising  absorption  in  the  region  from  3507.4 
to  35 1 1 . 1  A.  The  dye  laser  was  tuned  to  coincide  with  the 
3S32-A  output  of  the  XcF  laser.  The  measured  absorption 
was  0.5%  cm  ~  ',  which  was  experimentally  equal  to  that 
observed  at  wavelengths  well  removed  from  the  gain  region 
(3378.3  and  3637.8  A).  When  the  dye  laser  was  tuned  over 
the  region  from  3532  to  351 1  A,  the  transient  absorption 
gradually  increased  with  decreasing  wavelength.  The  weak 
but  broad  absorption  which  is  observed  in  pure  neon  plasmas 
in  this  region  of  the  spectrum  is  attributed  to  a  dimer  spe¬ 
cies"  (Ne/  or  Ne^)  rather  than  an  electronically  excited 
atom  (Ne  *)  or  ion  (Ne  +  ).  It  was  not  possible  to  unambig¬ 
uously  determine  whether  the  absorption  increased  linearly 
with  current  because  the  absorption  was  weak  and  the  range 
over  which  the  pumping  current  could  be  varied  was  limited. 
The  observed  peak  absorption,  while  comparable  in  ampli¬ 
tude  to  that  observed  in  argon  plasmas  at  ~  3500  A,  is  much 
narrower."’  However,  the  width,  —  20  A,  (FWHM),  is  much 
broader  than  is  predicted  for  either  pressure  broadening  or 
resonant  broadening  of  a  single  atomic  transition.  There  are 
three  atomic  transitions  in  neon  between  the  3s  and  4 p  states 
centered  at  3S10.7, 3515.2,  and  3520.5  A."  This  absorption 
band  coincides  with  the  (1,4)  and  (0,2)  vibrational  bands  of 
the  B^X  transition  of  XeF  at  351  nm.”u 
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When  the  pure  neon  was  heated  to  1 50  *C,  the  transient 
absorption  at  351 1.1  A  was  reduced  from  2.5  to 
—  1.4%  cm  while  the  absorption  at  3542  A  increased 
slightly  and  the  absorption  at  3637.8  A  increased  from  0.45 
to  0.6%  cm  '.  The  substantial  reduction  in  absorption  at 
35 1 1 . 1  A  is  greater  than  can  be  accounted  for  by  temperature 
broadening  alone  under  these  moderate  heating  conditions. 
When  neon  is  heated  from  20  to  1 50  *C,  this  20-A  band  of 
absorption  either  shifts  slightly  toward  the  visible  region  of 
the  spectrum  or  is  reduced,  but  the  broader  background  ab¬ 
sorption  increases  slightly.  Although  the  absorption  in  neon 
plasmas  is  large  at  351 1.1  A,  it  can  be  significantly  reduced 
by  adding  xenon  at  either  20  or  1 50  *C  as  shown  in  Fig.  3. 

In  Fig.  3  all  measurements  were  taken  using  the  rare- 
gas  ion  laser  tuned  to  351 1.1  A.  Optical  absorption  was  ob¬ 
served  to  be  lower  in  pure  neon  plasmas  at  elevated  tempera¬ 
tures.  When  small  concentrations  of  xenon  were  added  to 
neon  at  either  temperature  the  absorption  was  reduced  fur¬ 
ther.  At  both  temperatures,  as  the  concentration  of  xenon 
was  increased  the  optical  absorption  increased  from  its  mini¬ 
mum  value.  At  1 50  *C  the  transient  optical  absorption  in 
pure  neon  and  neon-xenon  mixtures  was  less  than  that  ob¬ 
served  at  20  *C.  The  amount  of  xenon  which  gives  the  mini¬ 
mum  absorption  at  T  =  150  ’C  is  about  twice  that  required 
to  minimize  absorption  at  room  temperature. 

The  observed  effect  which  temperature  has  on  absorp¬ 
tion  is  consistent  with  the  predictions  of  Wadt."  This  ab- 


FIO  4  Measured  gain  (□)  in  laser  mixture  at  HI  1. 13  K  and  absorption  in 
pure  neon  ■  and  optimum  neon-NF,  mixtures  O  is  a  function  of 
temperature. 
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sorption  is  attributed  to  the  dimer  ion  Xe,' Theory  pre¬ 
dicts  that  the  cross  section  for  absorption  by  the  dimer  ion 
Xe2*  will  be  reduced  by  a  factor  of  ~  2  when  the  gas  is  mod¬ 
erately  heated. 

Figure  4  plots  the  measured  gain  for  Ne/Xe/NF,  mix¬ 
tures  and  the  absorption  for  both  neon  and  neon/NF,  mix¬ 
tures  at  35 1 1 . 1  A  as  a  function  of  temperature.  The  amount 
of  NF,  used  was  0.06%,  a  typical  concentration  for  opti¬ 
mum  laser  performance.  Total  pressure  was  4  amagats.  Ab¬ 
sorption  in  pure  neon  plasmas  decreased  linearly  with  in¬ 
creasing  temperature  and  was  reduced  by  a  factor  of  2  in 
going  from  20  to  150  *C.  When  the  optimum  concentration 
of  NF,  was  added  to  neon,  the  optical  absorption  was 
0.5%  cm  1  at  20  *C  and  S0.1  cm  1  at  1 50  "C.  By  con¬ 
trast,  at  3532  A  no  measurable  absorption  in  neon-NF,  mix¬ 
tures  was  observed  at  either  temperature.  At  room  tempera¬ 
ture  the  measured  gain  at  35 11.1  A  was  ~0.85%  cm  ~  1  and 
as  the  temperature  was  increased  to  150  *C  the  measured 
gain  increased  to  — 1.45%  cm  ~  The  measured  gain  at 
353.2  nm  was  1.7%  cm  -  'at  room  temperature  and  — 1.790 
at  150  *C.  The  optimum  laser  mixture  for  best  performance 
did  not  change  with  temperature. 

At  room  temperature,  the  absorption  in  neon  is  much 
larger  at  351  nm  than  at  353  nm.  Addition  of  xenon  or  NF, 
to  neon  eliminates  this  absorption  at  353  nm  but  not  at  351 
nm.  That  the  measured  gain  at  351  nm  increases  with  tem¬ 
peratures  indicates  that  either  the  real  gain  g0  (measured 
gain  less  background  absorption)  is  increasing,  the  transient 
absorption  is  decreasing,  or  a  combination  of  these  two  ef¬ 
fects  occurs.  This  temperature-dependent  change  is  confined 
to  those  vibrational  bands  which  emit  at  35 1  nm  and  does 
not  affect  the  353-nm  emission  band.  In  order  to  compare 
temperature-dependent  changes  in  the  laser  medium  to 
those  temperature-dependent  changes  associated  with  the 
laser  species  itself,  axial  fluorescence  measurements  were 
made  and  the  results  compared  with  side  fluorescence  mea¬ 
surements  made  elsewhere."’ 

Axial  fluorescence  is  a  measure  of  the  spontaneous 
emission  in  the  presence  of  absorption  along  the  optical  axis. 
Side  fluorescence  minimizes  the  effects  of  absorption. 

Two  temperature  effects  were  observed  with  axial  flu¬ 
orescence  measurements.  The  net  spontaneous  emission  de¬ 
creased  with  increasing  temperature.  Also,  at  room  tem¬ 
perature,  spontaneous  emission  at  351  nm  was  less  intense 
than  353-nm  emission  for  pumping  currents  in  the  range  2-7 
A  cm  J.  But  at  150  *C,  the  relative  intensity  of  the  two 
Spontaneous  emission  bands  was  comparable  for  these 
pumping  currents.  Observing  the  side  fluorescence,  Tang1’ 
noted  no  measurable  change  in  net  spontaneous  emission 
with  temperature.  Also,  the  relative  intensity  of  the  two 
emission  bands  was  comparable  and  did  not  change  with 
temperature.4  '* 

The  reduced  spontaneous  emission  along  with  optical 
axis  at  elevated  temperatures  is  attributed  to  an  increase  in 
the  broadband  absorption.  The  increased  intensity  of  the 
35 1  -nm  emission  band  with  increasing  temperature  which  is 
observed  along  the  optical  axis  is  attributed  to  a  reduction  of 
the  strong  narrow  band  absorption  at  35 1  nm.  The  observa¬ 
tion  of  no  measurable  increase  in  the  net  spontaneous  emis¬ 


sion  with  temperature  tn  the  absence  of  absorption  indicates 
that  the  improved  performance  of  the  XeF  laser  with  moder¬ 
ate  heating  is  more  t  kely  due  to  a  reduction  in  medium  ab¬ 
sorption  than  to  increased  energy  extraction  from  the  upper 
laser  level.  However,  increased  dissociation  of  the  lower  la¬ 
ser  level  would  not  result  in  an  increase  in  net  spontaneous 
emission. 

In  another  experiment  neon  was  replaced  with  argon  as 
the  diluent  in  an  electron  beam  pumped  XeF  laser  operated 
at  room  temperature  for  1  fis.  Stimulated  emission  of  compa¬ 
rable  intensity  was  observed  on  both  bands.  This  result  is 
consistent  with  the  observation  of  a  strong  narrow  band  of 
absorption  present  in  neon  which  coincides  with  the  351-nm 
emission  band.  It  is  not  consistent  to  assume  that  dissocia¬ 
tion  of  the  lower  laser  level  of  the  laser  species  occurs  only  at 
elevated  temperatures  when  neon  is  used  as  diluent,  but  at 
room  temperature  when  argon  is  used  as  diluent.  The  im¬ 
proved  laser  performance  at  elevated  temperature  is  attrib¬ 
uted  primarily  to  a  reduction  in  medium  absorption  rather 
than  to  processes  which  affect  the  lasing  species. 

In  conclusion,  there  are  two  types  of  absorption  pro¬ 
cesses  present  in  neon/xenon/NF,  mixtures.  There  is  a 
weak  but  broad  absorption  which  is  attributed  to  either  the 
dimer  ion  Ne,*  or  the  excited  dimer  NeJ .  This  absorption 
increases  with  temperature.  There  is  also  a  strong  narrow 
band  of  absorption  which  coincides  with  351-nm  emission 
band  in  XeF.  This  absorption  is  attributed  to  the  three  atom  - 
ic  transitions  in  neon.  This  band  of  absorption  is  reduced  or 
shifted  with  increasing  temperature.  Improved  performance 
of  the  XeF  laser  at  elevated  temperature  is  attributed  to  a  net 
reduction  in  absorption  at  351  nm. 
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VISIBLE  LASER  STUDIES 


4 

r  /  'w: 


Dissociative  Excitation  of  HqBr„  bv  Rare  Gas  Metastable  Atoms  and 

iijiAVr —  - ^  - 

The  dissociative  excitation  of  HgBr^  by  rare  gas  metastable  atoms 
3  + 

and  N2(A  £u  )  has  been  studied  in  a  flowing  afterglow  apparatus.  Reac¬ 
tion  of  HgBr^  with  the  lighter  rare  gas  (He,  Ne  and  Ar)  metastable 
atoms  gave  strong  Hg*  line  emissions.  Intense  HgBr  (B  l  -*  X  Z  ) 

3 

emission  (300-513  nm)  from  Xe  (  P2)  and  (A)  reactions  was  observed. 
The  rate  constants  for  HgBr*  (B)  formation  from  HgBr2  excitation  by 
Xe  (\)  and  N2  (A)  were  determined  as  (5.3  +_  1.5)  x  10~10  cm3  sec"1 
and  21  1  x  10  10  cm3  sec"1  at  350°K,  respectively.  Also,  the  formation 
rate  constant  for  HgBr*  (C)  from  HgBr2  +  Xe  (  P2)  was  determined  to 
be  (1.1  +  0.3)  x  10“10  cm3  sec'1. 
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2  +  2  + 

Laser  action  has  recently  been  achieved  on  the  B  L  -*■  X  £  transi- 

1  2 

tion  of  HgX  through  dissociation  of  HgX£  in  an  electrical  discharge.  * 

3 

Since  Allison  and  Zare  reported  small  cross  sections  for  electron  impact 

dissociation  of  the  mercuric  halides,  the  excitation  mechanism  for  these 

laser  systems  using  discharges  in  the  HgX£  molecule  is  not  certain.  On 

the  other  hand,  a  marked  increase  in  laser  efficiency  and  output  power 

from  the  discharge  pumped  mercuric  halide  dissociation  lasers  has  been 

2 

obtained  when  nitrogen  was  added  to  the  laser  discharge.  Both  electronically 
excited  nitrogen  and  vi brational ly  excited  nitrogen  may  be  responsible 
for  the  improvement. 

In  the  present  work,  we  report  the  experimental  results  of  dissociative 

excitation  of  HgBr^  by  metastable  rare  gas  atoms  (He,  Ne,  Ar,  Kr  and  Xe) 

3  + 

and  (A  £u  )  molecules.  Rate  constants  of  HgBr*  formation  from  HgBr^ 

3  3  + 

reacting  with  Xe  (  P^)  and  (A  Eu  )  were  measured. 

Rare  gas  metastable  atoms  were  generated  by  flowing  purified  rare 
gas  through  a  hollow  cathode  discharge.  The  discharge  source  and  the  flow 
reactor  used  in  this  study  were  similar  to  designs  used  by  Setser  and  his 

4 

coworkers  for  observation  of  emission  from  reaction  of  the  rare  gas 
metastable  atoms.  A  diagram  of  the  flow  reactor  is  shown  in  Fig.  1.  Instead 
of  flowing  the  parent  rare  gas  through  the  discharge  as  in  the  case  of  He, 

Ne  and  Ar,  Kr  and  Xe  metastable  atoms  were  produced  by  adding  less  than  1% 

5 

of  Kr  or  Xe  to  an  argon  flow  before  the  discharge.  Electronic  energy  transfer 
from  argon  metastable  atoms  to  krypton  and  xenon  thus  provided  the  source 
of  Kr  and  Xe  metastables  downstream.  N£  (A  )  molecules,  mainly  in  v  =  0 
and  v  =  1,  were  produced  by  adding  N£  through  the  first  reagent  inlet  to  an 
argon  flow.6  The  Ar  (^p^)  +  Ng  reaction  produced  N£  (C  ^nu)  and  N£  (B  3TIg ) 
which  radiatively  cascade  to  the  lowest  metastable  (A  ).  Due  to  the 
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q  6 

short  radiative  lifetime  of  the  (C  Jl^)  and  (B  Jl^)  states,  58  nsec 

4  3 

and  -  1  ysec  respectively,  only  the  long  lived  (A  £  ^ )  with  measured 

radiative  lifetime  of  2  sec^  would  survive  several  milliseconds  in  flow 

time  downstream  to  the  second  reagent  inlet. 

Several  milligrams  of  HgB^  were  placed  in  a  cell  connected  to  the 
second  reagent  inlet.  A  carrier  gas,  argon,  was  used  to  transport  the 
HgB^  vapor  into  the  main  stream.  An  oven  with  suprasil  quartz  windows 
to  view  the  emissions  from  the  two  mixing  zones  was  built  to  enclose  the 
cell  and  the  flow  reactor.  Temperatures  at  several  locations  inside  the 
oven  were  monitored  to  ensure  uniform  heating.  The  reactor  was  pumped 
by  a  500  1/min  vacuum  pump.  The  pressure  at  the  second  mixing  zone  was 
measured  by  a  Wallace-Tiernan  pressure  gauge  and  was  typically  below  2  Torr. 
Emission  from  the  reaction  of  HgBr^  with  rare  gas  metastables  and  (A) 
was  monitored  through  the  quartz  tube  which  was  joined  to  the  pyrex  section 
right  before  the  second  mixing  zone.  The  detection  system  consisted  of  a 
1/2  meter  Jarrell-Ash  monochromator  fitted  with  an  EMI  9635Q  photomultiplier 
tube.  The  anode  current  was  measured  with  a  Keithley  microammeter  and  the 
spectra  were  recorded  on  a  strip  chart  recorder. 

Table  1  summarizes  the  emission  observed  in  the  250-600  nm  wavelength 
region.  In  the  reaction  of  lighter  rare  gas  metastable  atoms  with  HgBr^, 
only  mercury  atomic  lines  were  observed.  However,  Hgbr  (B-X) 
emission  intensity  increased  strongly  with  the  lowering  of  the  metastable 
energy  in  going  from  Ar  and  Kr  to  Xe  and  N^.  A  similar  trend  was  found 

O 

in  the  corresponding  reaction  of  HgC^  with  rare  gas  metastable  atoms. 

The  energy  diagram  for  various  HgBr^,  Hg  +  2Br,  HgBr  +  Br,  ft,  and  rare  gas 
metastable  states  is  shown  in  Fig.  2.  It  is  apparent  that  the  excitation 
energies  of  He*,  Ne*  and  Ar*  are  well  above  that  of  the  HgBr*  +  Br  product 
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channels,  and  hence  other  reaction  pathways  are  more  important.  Also, 

the  He,  Ne  and  Ar  metastable  atoms  have  enough  energy  to  Penning  ionize 

the  HgBr^  molecule  which  has  an  ionization  potential  of  10.6  eV.  The 

formation  of  HgBr*  in  the  reactions  involving  Kr*,  Xe*  and  ( A )  can 

be  explained  by  energy  transfer  from  the  metastables  to  HgBr^  followed 

2  +  2 

by  dissociation  producing  HgBr  in  the  B  £  state  and  the  C  H  state,  if 
energetically  possible. 

Figure  3  shows  the  emission  spectra  from  N2(A)  +  HgBr^  and 
Xe  (  P^)  +  HgBr^  reactions  at  1.7  Torr  of  mainly  argon.  The  broad 
HgBr  (B-X)  emission  peaked  at  502  nm  and  extended  well  into  the  UV. 

The  HgBr  (B-X)  emission  spectrum  from  the  reaction  of  Xe  (  P^)  with  HgBr^ 
showed  very  little  vibrational  structure  compared  to  that  observed  in 
the  N2(A)  +  HgBr^  reaction.  This  is  due  to  more  vibrational  levels  of 
HgBr  (B)  state  being  formed  in  the  case  of  excitation  by  Xe*  with  emission 
to  a  large  number  of  levels  in  the  ground  state  of  HgBr  being  overlapped. 

The  Hg  line  emission  at  2537  8  (6  3Pj  -►  6  ^g)  and  4358  8  (7  3Sj  -  6  3P1) 
in  Fig.  3  were  probably  the  results  of  energy  transfer  from  (A)  and  Xe* 
to  ground  state  Hg  atoms. 

N2  (A)  +  Hg  (1SQ)  - >  Hg  (3Pj)  +  N?  (X)  (1) 

Xe  (3P2)  +  Hg  ^Sg) - *  Hg  (3S1)  +  Xe  (2) 

Ground  state  Hg  atoms  could  be  produced  as  a  product  of  dissociation  of 
HgBr2  but  more  likely  introduced  as  an  impurity  in  the  HgBr2  powder. 

In  the  Xe  and  Kr  metastable  atom  reaction  with  HgBr2,  emission  around 
280  nm  was  observed  (see  Fig.  4)  and  identified  as  that  of  the  HgBr  (C-X) 
transition.  The  XeBr  (B-X)  emission  which  peaks  at  287,5  nm  was  not  detected 
even  though  the  XeBr*  +  HgBr  product  channel  is  exothermic  by  about  0.8  eV. 
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Reactive  quenching  of  Xe*  by  HgBr2  is  apparently  not  competitive  with 
energy  transfer  in  this  case. 

The  reaction  of  Xe  (  )  with  NF^  was  used  as  the  reference  reaction 

for  assignment  of  rate  constants  to  exit  channels  for  quenching  of 
Xe  (  P2)  by  HgBr^  giving  products  which  subsequently  emit  radiation. 

The  rate  constant  for 

Xe  (3P2)  +  NF3  XeF*  y  XeF*  +  NF?  (3) 

has  been  measured^  to  be  1.04  x  10  ^  cm3  sec  3  at  300°K.  The  total 
emission  intensity  of  the  XeF  (B-X)  and  (C-A)  transitions  was  compared 
to  the  HgBr*  emission 

Xe  (3P2)  +  HgBr2  _ kHgBr*_y  HgBr*  +  Xe  +  Br  (4) 

Assuming  there  is  no  quenching  of  the  emitting  states,  the  rate  constant 
for  HgBr*  formation  can  be  deduced  from  the  following  expression; 

JXeF*  =  kXeF*  [Xe  ^P2^]  [NF3l 

!HgBr*  kHgBr*[Xe  ^P2^]  [HgBr2] 

NF3  was  diluted  in  argon  (typically  <  10%)  to  1  atm  in  a  reservoir 
for  use  in  the  experiments.  A  second  reservoir  was  filled  with  1  atm 
of  pure  A r.  The  flow  from  these  two  reservoirs  was  regulated  by  a  single 
metering  valve.  The  pure  argon  flow  passed  through  the  HgBr2  cell  while  the 
Ar/NF3  flow  bypassed  the  cell.  The  main  flow  was  not  disturbed  as  reagent 
flow  was  switched  from  one  reservoir  to  the  other  after  emission  spectra 
had  been  recorded.  Thus,  the  concentration  of  Xe  (  P2)  remained  constant 
during  the  scans  of  both  the  reference  and  HgBr*  spectra  and  was  cancelled 
out  in  equation  (5).  The  emission  spectra v, ere  corrected  for  spectral  response 
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of  the  detection  system.  Direct  measurement  of  the  HgB^  vapor  pressure 
at  the  oven  temperature  (70-80°C)  was  not  possible.  Instead  the  vapor 
pressure  data  reported  by  Keller113  were  used  to  determine  the  HgBr^ 
concentration.  The  results  are  shown  in  Table  2.  The  HgBr*  formation 
rate  constant  for  the  ^  (A)  +  HgBr^  reaction  was  determined  by  adding 
enough  to  convert  all  the  Xe  (  P^)  in  the  flow  to  (A)  through  the 
reaction,  Xe  (  P^)  +  N^*  (B,A)  +  Xe,  and  then  comparing  the  XeF* 

and  HgBr*  emission  intensities.  Our  value  represents  a  lower  limit  to 
this  rate  constant  since  £xe  (3P2)J  ^  (A)J  .  Uncertainty  in  the  HgBr^ 

vapor  pressure  in  the  flow  region  represents  the  largest  source  of  error 
in  these  measurements. 

The  rate  constant  derived  above  for  dissociative  excitation  of  HgBr^ 
by  N2(A)  yielding  HgBr  (B)  may  be  compared  to  the  total  effective  quenching 
rate  of  (A)  by  HgBr^  measured  in  a  separate  experiment. 11  The  latter  rate 
was  found  to  be  approximately  3.5  x  lO-1^1  cm3  sec”1.  Thus,  it  appears  that 
HgBr  (B)  is  produced  with  a  branching  ratio  between  0.2  and  0.3  in  reactions 
of  (A)  with  HgBr,,.  This  low  branching  ratio  is  mainly  responsible  for 
the  rather  low  (~  1%)  efficiency  of  the  discharge-pumped  mercury  bromide 
dissociation  laser.  On  the  other  hand,  the  large  rate  constant  for  excitation 
of  HgBr  (B)  in  collisions  with  Xe  (  P^)  suggests  that  transfer  from  this 
excited  state  may  provide  a  much  more  efficient  pumping  mechanism  for  the 
mercury  bromide  laser. 

The  authors  wish  to  acknowledge  useful  discussions  with  Professor 
D.  W.  Setser  (Kansas  State  University)  and  the  technical  assistance  of 
D.  M.  Shores. 
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Table  1.  Emissions  from  HgBr^  +  M*  reactions. 


Reaction 

Hg*  6p3P1 

7s3S1 

6d3D 

HgBr(B-X) 

HgBr 

Ig Br ^  +  He  (23S) 

S 

S 

S 

N 

N 

Ne  (3P2) 

S 

S 

S 

N 

N 

Ar  (3P2) 

s 

S 

N 

N 

N 

Kr  (3P2) 

s 

5 

N 

W 

W 

Xe  (3P2) 

w 

W 

N 

s 

W 

n2  (aV) 

w 
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Figure  3.  Emission  spectra  of  HoBr  (B-X)  for  N  ,  (A)  +  HgBr *  (Top)  and  Xe 
(Bottom);  the  pressure  at  the  reaction  zone  was  1.7  torr. 


Figure  4.  Second  order  emission  spectra  of  HgBr  (C-x)  from  the  Xe  (3P2)  +  HgBr2  reaction 
the  pressure  at  the  reaction  zone  was  1.7  torr. 


An  extremely  sensitive  intracavity  laser  technique  was  used  to 
probe  for  gain  or  absorption  in  the  Kr^F*  emission  continuum.  Experi¬ 
ments  were  conducted  at  196°K  and  at  room  temperature.  A  detailed 
time-dependent  computer  model  for  e-beam  pumped  Ne/Kr/F^  gas  mixtures 
was  developed  to  analyze  the  absorption  measurements.  Analysis  of  the 
data  with  this  model  has  identified  that  the  primary  absorbers  at  358  nm 

are  and  Kr^F*.  The  analysis  also  provides  estimates  of  the 

+  -19  2 

Ne^  and  Kr2F*  photoabsorption  cross  sections  (8.1  x  10  cm  and 

-18  2 

5.4  x  10  cm  ,  respectively).  Also,  the  quenching  rate  of  Kr^F* 
by  was  measured  as  a  function  of  temperature. 
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Absorption  in  the  Near-Ultraviolet  Wing  of  the 
Kr2F*(410  nm)  Band 

i 

I 

► 

1  J.  G.  EDEN,  MEMBER,  Ifci-E,  R.  S.  F.  CHANG,  and  L.  J.  PALUMBO 


Abilracl-An  intracavity  laser  technique  has  been  used  to  study  the 
absorption  of  electron-beam  pumped  Ne/Kr/F2  gas  mixtures  (1%  and 
300  K )  in  the  “blue  wing"  of  the  Kr2  F*  emission  continuum.  The  ex¬ 
periments  were  conducted  at  358  nm  using  the  v'  =  0  —■  v"  -  1  transition 
of  the  Nj  (C-.fi)  laser.  Comparing  the  re  lulls  with  the  predictions  of 
a  computer  model,  the  species  primarily  responsible  for  absorption  have 
been  identified  as  Ne2,  Kj2,  and  KrjF*.  The  photoabsoiption  cross 
sections  for  Ne  2  and  Ki2  F*  f  Kr  2  F  )  st  358  nm  have  been  estimated  to 
be  8.1  1019  and  5.4  •  I0'8  cm3,  respectively.  The  KrjF*  absorp¬ 
tion  cross  section  is  roughly  20  percent  of  that  reported  for  Kr  j  at  the 
same  wavelength.  The  fluorescence  efficiency  of  Kr?F*  in  e-beam  ex¬ 
cited  94.93  percent  Ne/5  percent  Kr/0.07  percent  Fj  (Ptotal  =  4000 
ton)  gas  mixtures  has  been  found  to  be  a  factor  of  2.8  higher  than  that 
of  the  N2  (C-.fi)  band  in  Ar/5  percent  Nj  mixtures.  Also,  the  rate 
constant  for  quenching  of  Ki2F*  by  F2  was  measured  to  be  (4.1  t 
0.5)  I010cm3  s_1  at  300  K  and  (3.0  t  0.5)  10'10cm2  s"1  at 
196  K. 


1.  Introduction 

IN  THE  course  of  investigating  the  properties  of  diatomic 
tare  gas-halide  laser  media  pumped  by  electron  beams,  sev¬ 
eral  laboratories  recently  observed  [l]-[4]  broad,  structureless 
continua  lying  to  the  red  of  the  familiar  B-+X  and  C  A 
bands.  Subsequently,  these  continua  were  assigned  [1],  (5] 
to  bound-to-free  transitions  of  RgjX*  ( Rg  =  rare  gas,  X  = 
halogen  atom)  molecules  which  calculations  [6] -[10]  have 
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verified  are  strongly  ionic  in  nature  (Rg2A“).  To  date,  fluo¬ 
rescence  from  the  43r->  l3r,  2JT  [6],  [7]  bands  of  Ar2F 
|]]-{4],  Kr2F  [l]-[4],  ArjCl  [2],  Kr2  C)  [2].andXe2Cl 
[2]  have  been  identified. 

The  study  of  these  excited  triatomic  species  has  led  to  several 
interesting  and  significant  conclusions.  The  first  is  that  theo¬ 
retical  considerations  [6] ,  [7]  suggest  that  the  weak  perturba¬ 
tion  of  Rg*2  by  X~  causes  RftiX*  to  absorb  UV  radiation  in 
much  the  same  way  as  does  Rgi .  For  example,  Wadt  and  Hay 
[6]  have  calculated  the  peak  absorption  wavelengths  and  os¬ 
cillator  strengths  for  the  43T  -*  93f  transition  of  Ar2F*  and 
Kr2  F*  to  be  virtually  identical  to  those  of  the  corresponding 
rare -gas  dimer  ions  Ar2  and  Kr2 .  This  absorption  clearly  may 
have  a  significant  impact  on  the  extraction  efficiency  of  dia¬ 
tomic  rare  gas-halide  lasers. 

Secondly,  Rokni  and  co-workers  [11]  have  shown  that,  as 
predicted  by  potential  calculations  [6],  formation  of  Rg2X* 
(specifically,  Kr2F*)  occurs  primarily  through  the  three -body 
collision 

KrF(ff)  +  Kr  +  M  kJ  Kr2  F(43r)  +  M  (M  =  Ne,  Ar  or  Kr). 

(1) 

Reaction  (1)  represents  a  significant  loss  channel  for  KrF(B) 
molecules  in  rare  gas/F2  mixtures  above  ~1  atm. 

Finally,  the  strong  emission  available  from  the  triatomic 
rare  gas-halide  molecules  suggests  that  the  Rg2X *  molecules 
are  attractive  laser  candidates  in  their  own  right.  In  particular, 
the  intense  fluorescence  observed  from  the  Kr2F*  molecule  in 
excited,  high  pressure  (>1  atm)  Ar/Kr/Fj  gas  mixtures 
prompted  Hunter  and  co-workers  (HOHM)  [12]  to  attempt  to 
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obtain  laser  oscillation  from  the  molecule  at  X  —  400  nm  in 
the  violet.  Due  to  the  long  spontaneous  radiative  lifetime  of 
Kr2F*  ( 1 33-1 8 1  ns)  [6 1 ,  ( 1 3 j  and  the  broad  bandwidth  of 
the  42  P  -*  l2  P  continuum  (AX  ~  43  nm),  a  Kr2  F  laser  would 
potentially  have  low  gain  (oK  -  5  ■  10"18  cm5)  suitable  for 
amplifier  applications,  and  be  tunable  and  efficient.  Unfor¬ 
tunately,  peak  absorptions  as  high  as  0.15  percent  cm'1  at 
441.6  nm  were  measured  by  HOHM  [1-1  in  electron-beam 
pumped  Ar,  Kr,  and  F2  gas  mixtures  at  room  temperature. 

Several  investigators  [3],  [14]  have  reported  a  strong  in¬ 
crease  in  Kr2F*  emission  intensity  at  lower  temperatures 
(<200  K).  This  low  temperature  fluqrescence  enhancement 
is  consistent  with  the  negative  temperature  dependence  of  kf 
in  (1)  calculated  by  Shui  [15],  Also,  FIOHM's  studies  involved 
the  use  of  argon  as  a  diluent  and  so  a  large  fraction  of  the  ab¬ 
sorption  observed  could  have  been  due  to  the  argon  dimer  ion, 
Ar  2  (see  [  16) ).  Cooling  of  the  laser  gas  also  serves  to  sharpen 
the  Ar2  or  Kr2  absorption  spectral  profiles  [16] ,  thus  mini¬ 
mizing  the  rare-gas  molecular  ion  absorption  in  the  ICr2  F* 
emission  band.  Therefore,  taking  into  account  the  enhanced 
formation  rate  of  Kr2F*  at  low  temperatures  and  the  possible 
overlap  of  the  Ar2  and  Kr2  absorption  profiles  with  the  probe 
wavelength,  the  negative  results  of  HOHM  . .  are  inconclusive 
with  respect  to  the  possibility  of  obtaining  efficient  (laser) 
output  in  the  visible”  from  Kr2F*  [12) . 

For  these  reasons,  a  study  of  the  collisional  and  optical 
properties  of  Kr2F*  molecules  produced  in  e-beam  pumped 
Ne,  Kr,  and  F2  mixtures  at  dry  ice  and  room  temperature 
was  undertaken.  The  results  of  these  experiments,  which 
will  be  reported  here,  include: 

1)  the  measurement  of  the  fluorescence  efficiency  of  Kr2F* 
relative  to  the  N band, 

2)  determination  of  the  rate  constants  for  quenching  of 
Kr2F*  (4JD  by  Fj  at  196  and  300  K, 

3)  observation  of  strong  absorption  in  the  near-UV  wing  of 
the  Kr2  F*  emission  band  at  358  nm,  and 

4)  the  identification  of  Kr2F*  itself,  Ne2  and  Kr2  as  the 
dominant  absorbing  species.  By  comparing  the  experimentally 
determined  gas  pressure  variation  of  this  absorption  with  the 
predictions  of  a  comprehensive  computer  kinetics  model,  the 
absorption  cross  sections  for  Kr2F*  and  Ne2  at  X  =  358  nm 
have  been  estimated  to  be  5  4  ■  10~18  cm2  and  8.1  •  10'19 
cm2 ,  respectively. 

The  intracavity  laser  technique,  which  was  used  to  measure 
the  gas  medium  absorption ,  and  the  fluorescence  experimental 
apparatus  will  be  described  in  Section  II.  Section  III  discusses 
in  detail  the  computer  kinetics  model  used  in  this  study. 
Finally,  Section  IV  presents  the  data  and  discusses  the  impli¬ 
cations  for  a  prospective  Kr2  F*  laser  and  Section  V  summa¬ 
rizes  the  conclusions  of  the  paper. 

II.  Experimental 

The  experiments  reported  here  consisted  of  two  parts.  First, 
the  KijF*  fluorescence  of  room  temperature  and  cooled  (dry 
ice,  196  K)  Ne/Kr/Fj  gas  mixtures  excited  by  an  intense  elec¬ 
tron  beam  was  examined.  The  second  segment  of  the  study  in¬ 
volved  measurement  of  the  absorption  of  these  same  gas  mix- 
turesat  358  nm  using  an  intracavity  laser  absorption  technique. 


A  Spontaneous  Emission  Experimental  Apparatus 

The  experimental  apparatus  used  for  the  spontaneous  emis¬ 
sion  experiments  was  composed  of  1 )  an  electron-beam  genera¬ 
tor,  2)  a  high-pressure  fluorescence  cell  and  associated  vacuum 
and  gas  handling  equipment,  and  3)  a  spontaneous  emission 
detection  system.  The  electron-beam  generator,  which  has 
been  described  in  detail  previously  [17),  produced  a  50  ns 
FWHM  pulse  of  450  keV  electrons.  A  diverter  switch  installed 
in  the  last  section  of  the  8  D  pulse  forming  water  line  enabled 
the  electron  pulsewidth  to  be  shortened  to  —  1 0-1 5  ns  FWHM. 
The  e-beam  diode  was  maintained  at  a  vacuum  of  better  than 
10"4  tori  and  the  electrons  exited  the  diode  through  a  25  pm 
thick  titanium  foil.  For  the  anode-cathode  gap  of  1 .6  cm  used 
in  these  experiments,  the  current  density  at  the  Ti  foil  was  ~-l 
kA  cm'2 . 

A  second  metal  foil,  37.5  pm  thick  Inconel  718,  was  welded 
to  the  stainless-steel  fluorescence  cell.  Inconel  was  used  in  this 
case  since  titanium  is  strongly  attacked  by  the  halogens.  The 
cell  itself  was  simply  a  ~30  cm  long  section  of  3.8  cm  OD 
stainless-steel  tubing  heliare-welded  to  a  ~  1  cm  thick  stainless- 
steel  plate.  A  '16  X  2.9  cm  slot  was  machined  in  the  plate 
to  define  the  e-beam  excitation  area  and  7  cm  (2|  in)  diameter 
“knife-edge"  vacuum  fittings  were  welded  on  each  end  of  the 
cell  to  provide  mountings  for  2.5  cm  diameter  Suprasil  quartz 
windows.  The  cell  aperture  was  circular  ( 1 .3  cm  diameter)  and 
the  windows  were  sealed  to  the  cell  using  silicone  rubber  fi¬ 
rings.  The  axis  of  the  fluorescence  cell  was  oriented  perpen¬ 
dicular  to  the  electron  beam  and  was  situated  ~1.5  cm  from 
the  Inconel  foil. 

The  rare  gases  used  in  these  studies  were  of  research  grade 
and  the  stated  purity  of  the  F2  was  98  percent.  All  gases  were 
used  without  further  purification  but  a  fresh  gas  mixture  was 
prepared  for  each  e-beam  shot.  As  is  true  for  any  experiments 
involving  the  halogens  (and  F2  in  particular),  passivation  of 
the  cell  was  found  to  be  essential  for  obtaining  repeatable  re¬ 
sults.  This  was  accomplished  by  allowing  ~100  torr  of  F2  to 
stand  in  the  cell  for  ~1  h.  To  cool  the  gas  mixtures,  a  stainless- 
steel  enclosure  that  could  hold  dry  ice  was  built  for  the  cell. 

The  axial  spontaneous  emission  from  the  excited  Ne/Kr/F2 
gas  mixtures  was  recorded  either  on  photographic  film  or  by  a 
photodiode.  The  photodiode  (Hamamatsu  S-20)  was  located 
~0.5  m  from  the  cell  and  the  spectral  regions  of  interest  were 
isolated  using  dielectric  bandpass  or  colored  glass  filters.  Also, 
neutral  density  filters  were  sometimes  inserted  in  the  optical 
path  to  prevent  saturation  of  the  photodiode.  Axial  emission 
spectra  were  recorded  on  Polaroid  Type  55  or  57  film  using  a 
1  m  Jarrell-Ash  spectrograph  and  a  UV  quality  quartz  lens  of 
~30  cm  focal  length. 

B.  Intracavity  Absorption  Technique 

Fig.  1  shows  a  simplified  diagram  of  the  technique  used  to 
measure  absorption  at  358  nm.  Since  low  net  gain  or  absorp¬ 
tion  (<  1  percent  -  cm'1 )  was  expected  for  the  Kr2  F*  band,  a 
technique  similar  to  that  described  by  Marowsky  and  co- 
workets  [18]  was  adopted.  A  major  difference  between  the 
two  approaches  is,  as  shown  in  Fig.  1 ,  that  for  the  experimental 
setup  described  here,  two  cells  are  placed  inside  an  optical 
cavity.  The  right  cell  holds  an  Ar/5  percent  N2  mixture  which, 
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Fig.  1.  Simplified  schematic  diagram  of  the  laser  intracavity  technique 
used  to  measure  absorption  in  electron-beam  pumped  Ne.  Kr,  and  F2 
gas  mixtures.  The  existence  or  absence  of  gain  in  the  “probed 
medium”  was  deduced  by  observing  the  Ar-N2  laser  output  at  357.7 
nrn  with  and  without  the  desired  gas  mixture  in  the  “probed"  (aux¬ 
iliary )  cell.  The  response  of  the  system  to  absorption  in  the  probed 
gases  was  calibrated  by  first  blocking  the  access  of  the  e-beam  to  the 
auxiliary  cell  and  then  recording  the  Ar-N2  laser  output  for  various 
pressures  of  l*’j  or  Cl2  in  the  cell  (see  text). 
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fig.  2.  Layout  of  the  intracavity  absorption  (or  gain)  measurement 
apparatus.  The  cell  body  (shaded)  was  machined  from  stainless  steel. 
A  10  mm  dia.  guar!/  window  separated  the  Ar-N,  laser  compartment 
from  another  section  containing  the  Ne,  Kr,  and  i  2  gas  mixture  A 
titanium  foil  (not  shown)  was  welded  to  the  slotted  foil  support  plate 
to  maintain  the  vacuum  integrity  of  the  e-beam  diode. 


when  excited  by  an  intense  e-beam,  produces  oscillation  on 
the  357.7  nm  line  of  the  N2  (C  -*  B)  band.  The  other  cell  con¬ 
tains  the  medium  to  be  probed  for  gain  (or  loss).  With  a  vacuum 
in  the  "probed”  cell,  then  the  Ar-Nj  laser  is  operated  at,  or 
just  above,  threshold.  At  this  point,  the  laser  is  very  sensitive 
to  small  changes  in  the  gain  of  the  system.  After  filling  the 
second  cell  with  the  desired  gas  mixture,  a  resulting  enhance¬ 
ment  or  decline  in  the  Ar-Nj  laser  output  power,  due  to  the 
gain  or  loss  of  the  excited  gas  in  the  “probed”  cell,  will  be  ob¬ 
served.  Two  cells  were  found  to  be  necessary  because,  in  gen¬ 
eral,  the  collisional  kinetics  of  the  probed  medium  will  inter¬ 
fere  with  the  operation  of  the  Ar-N2  laser  if  both  gas  mixtures 
are  included  in  the  same  cell. 

A  cross-sectional  view  of  the  e-beam  cell  used  in  these  experi¬ 
ments  is  shown  in  Fig.  2.  A  Suprasil  quartz  window  of  ~  1  cm 
diameter  divided  the  cell  into  two  vacuum  tight  sections  of 
9  5  and  1 3  cm  in  length  and  1 .5  cm  diameter.  (The  lengths  of 
each  section  that  were  excited  by  the  e-beam  were  5.8  and  9.2 
cm,  respectively.)  The  two  exterior  quartz  windows  were  2.5 
cm  in  diameter  and  were  sealed  to  the  cell  body  using  rubber 
gaskets.  All  tubing  connecting  the  cell  with  the  gas  handling 
system  was  made  of  either  stainless  steel  or  Teflon.  The  purity 
of  the  gases  used  and  the  cell  passivation  technique  were  the 
same  as  described  above  for  the  fluorescence  experiments. 

As  before,  the  450  keV  electron  beam  entered  the  two  cells 
by  passing  through  a  foil  support  plate,  a  25  pm  thick  Ti  foil 
(not  shown  in  Fig.  2)  and  a  37 .5  pm  thick  Inconel  718  foil. 
The  User  cavity  was  formed  by  two  dielectric-coated  mirrors 
of  5  m  radius  of  curvature  that  were  separated  by  ~30  cm. 
Both  mirrors  were  highly  reflecting  (R  >99  percent)  over  the 
wavelength  range  350-410  nm  and  transmitted  ~0.5  percent 
at  358  nm. 


Tig.  3.  Absorption  calibration  of  the  laser  intracavity  experiment  using 
the  known  absorption  of  1  j  and  Cl2  in  the  near  UV.  The  Ar-Nj 
laser  output  energy  was  measured  for  Py  <  100  torr  and  1.1  < 
7*0,  ^  1 7  torr. 


The  output  of  the  Ar-Nj  laser  probe  at  357.7  nm  was 
monitored  either  by  a  1  m  spectrograph  (in  first  order)  and 
Polaroid  Type  57  film  or  by  a  photodiode  and  bandpass  and/ 
or  neutral  density  filters.  Emission  spectra  were  obtained  by 
scanning  the  photographic  negatives  with  a  Joyce-Loebl 
microdensitometer. 

C.  Absorption  Calibration  Using  r2  and  Cl2 

In  order  to  obtain  quantitative  absorption/gain  data,  it  was 
necessary  to  accurately  calibrate  the  system  of  Fig.  2.  This 
was  accomplished  in  the  following  way.  Into  the  longer  e-beam 
cell  was  admitted  a  3000  torr  Ar,  150  torr  N2  gas  mixture  while 
the  shorter  compartment  was  kept  at  vacuum.  Firing  the  elec¬ 
tron  gun  produced  lasing  on  the  (0,  1)  transition  of  the  N2 
(C-»S)  band  at  357.7  nm.  A  known  pressure  of  F2  or  Cl2 
was  then  admitted  to  the  short  cell  and  a  brass  plate  of  0.83 
mm  thickness  was  taped  over  the  e-beam  aperture  of  this  cell 
to  prevent  excitation  of  the  F2  orCl2.  The  e-beam  was  again 
fired  (a  fresh  Ar-N2  fill  was  used  for  each  shot)  and  the  ob¬ 
served  decrease  in  the  Ar-N2  laser  energy  output  was  recorded. 
Since  the  absorption  cross  sections  for  both  F2  (19]  andCl2 
(20]  in  the  near  UV  are  well  known,  the  dependence  of  the  rela¬ 
tive  Ar-N2  358  nm  laser  output  energy  on  the  amount  ofloss  in 
the  second  cell  could  then  be  determined.  The  result  of  this 
calibration  procedure  is  shown  in  Fig.  3  where  the  Ar-N2 
laser  energy  is  given  in  arbitrary  units.  The  solid  line  in  the 
figure  represents  tiie  linear  least  squares  fit  of  the  Cl2  data.  It 
was  difficult  toextend  the  F2  data  beyond  ~0.5  percent  cm'1 
due  to  the  large  fluorine  pressures  required  [19]  and,  for  this 
reason,  most  of  the  data  shown  is  due  to  Cl2 .  The  solid  line  of 
Fig.  3  can  be  represented  by  the  relationship:  percent  loss  = 
-0.34  (fou,  -  9.75).  This  equation  was  used  to  determine  the 
magnitude  of  the  absorption  of  e-beam  pumped  Ne,  Kr,  and 
F2  gas  mixtures  and  the  results  will  be  presented  in  Section  IV. 

ill.  Computer  Model  of  Electron -Beam  Excited 
Ne/Kr/F2  Gas  Mixtures 
A.  Computational  Technique 

A  comprehensive  computer  model  has  been  developed  to 
predict  the  transient  densities  of  various  species  in  an  e-beam 
excited  mixture  of  Ne,  Xe,  and  F2 .  This  model  employs  cal¬ 
culations!  methods  described  in  previous  models  of  e-beam 
pumped  and  e-beam  sustained  KrF,  XeF,  and  XeCl  rare  gas- 
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halide  lasers  (21]  -(23).  A  Runge-Kutta-Treanor  algorithm 
[24|  integrates  the  spatially  homogeneous,  time-dependent 
rate  equations  which  describe  the  temporal  behavior  of  the 
species  of  interest.  The  required  rate  equations  are  generated 
internally  by  the  computer  code  from  a  symbolically  specified 
chemical  reaction  list.  This  method  reduces  coding  errors  and 
allows  easy  modification  of  rate  constants  and  processes.  The 
present  model  keeps  track  of  the  effect  of  58  reactions  on  the 
time  evolution  of  the  population  of  26  species  from  e-beam 
ionization  and  excitation  of  the  rare  gases  to  Kr2  F*  formation, 
quenching,  and  radiation.  A  variety  of  diagnostics  are  printed 
out  as  a  function  of  time  to  provide  insight  into  important 
processes  and  energy  flow. 

B.  Relevant  Processes  and  Rate  Constants 

Since  extensive  kinetics  investigations  and  computer  model¬ 
ing  have  been  carried  out  in  support  of  the  development  of 
e-beam  pumped  and  e-beam  sustained  KrF  lasers  (using  Ar 
diluent)  and  XeF  lasers  (primarily  using  Ne  diluent),  many 
of  the  rate  constants  for  important  processes  involving  tran¬ 
sient  species  in  e-beam  excited  Ne/Kr/Fj  mixtures  are  already 
known.  Thus,  few  assumptions  were  required  in  order  to 
model  the  formation  and  decay  of  Kr2  F*  in  Ne  diluent  at 
room  temperature.  Therefore,  most  of  the  rate  constants  to 
be  presented  below  were  measured  at  room  temperature 
(=300  K)  although  a  few  reactions  have  also  been  studied 
at  reduced  temperatures.  In  order  to  predict  the  transient 
densities  of  various  excited  species  in  cooled  (200  K)  Ne, 
fCr,  and  F2  gas  mixtures,  rate  constants  that  have  been  mea¬ 
sured  or  calculated  for  200  K  have  been  incorporated  into  the 
model.  Otherwise,  the  room  temperature  rate  constants  were 
used. 

I)  Electron-Beam  Excitation  and  Ionization:  The  intense, 
450  keV  electron-beam  pump  is  treated  by  the  model  simply 
as  a  source  term  for  the  production  of  ions,  electrons,  and 
metastables  from  ground  state  Ne  and  Kr  rare-gas  atoms.  The 
ion  production  rat e,Ri-Rg ,  is  given  by 

Ri.Rt  =  F*  '  ^R*  '  Sr*  '  M Kg  ■  (2) 

where  F,  is  the  incident  electron  flux,  is  the  ground  state 
density  of  the  rare  gas,  SRg  is  the  stopping  power  of  the  rare 
gas  for  high  energy  electrons  (typical  units:  eV  •  cm2  •  gm"1 ), 
MRg  is  the  mass  of  the  rare-gasatom,  and  WRg  is  the  deposited 
electron  energy  required  to  produce  an  ion-electron  pair.  The 
W  values  used  in  this  model  are  36.4  eV  for  Ne  and  24.05  eV 
for  Kr.  In  the  present  model,  the  stopping  powers  tabulated 
by  Berger  and  Seltzer  (25],  multiplied  by  a  factor  of  2.5  to 
account  for  electron  scattering,  were  used.  This  factor  was 
determined  by  comparing  ion  production  rates  obtained  from 
a  detailed  electron  transport  computer  code  (26] ,  (27]  with 
rates  derived  using  the  values  given  by  Berger  and  Seltzer. 
The  metastable  production  rate  was  estimated  to  be  0.29  times 
the  ion  production  rate  for  both  Ne  and  Kr.  From  (2),  it  is 
clear  that  the  ion  and  metastable  formation  rates  for  a  given 
rare  gas  are  proportional  to  its  partial  pressure  in  the  gas  mix¬ 
ture.  Direct  electronic  excitation  of  Fj  by  the  e-beam  and  the 
ionization  and  excitation  of  Kr  by  low  energy  (less  than  the 
Ne  metastable  energy)  secondary  electrons  have  been  neglected. 


2)  Homonuclear  Rare-Gas  Reactions  The  energy  channeled 
into  rare-gas  ions  and  metastables  cascades  down  a  complex 
chain  to  eventually  produce  Kr2  F*.  For  each  rare  gas  Rg,  the 
initial  steps  in  this  cascade  process  can  be  represented  by 


Rg'  +  Rg  +  M->Rgi+M 

(3) 

Rg\  +e~~*  Rg*  +  Rg 

(41 

Rg*  +  Rg  +  M->Rgl*M 

(5) 

Rg *  -»  2 Rg  +  hv 

(6) 

where  Rg  represents  either  Ne  or  Kr,  and  M  represents  any 
third  body.  In  the  high-pressure  mixtures  studied  here,  reac¬ 
tion  (3)  proceeds  rapidly.  The  rate  constants  for  this  process 
were  taken  to  be  4.6  X  1CT37  cm6  s'1  (28]  and  6.1  X  10'5: 
cm6  s'1  (29)  for  Rg  =  Ne  and  Rg  =  Kr,  respectively.  The 
rate  constants  are  assumed  to  be  the  same  regardless  of  the 
third  body  M.  This  same  assumption  is  made  for  all  the  other 
three-body  reactions  discussed  here.  Polyatomic  ion  complexes 
such  as  Nej ,  Nej ,  KrJ ,  etc.,  while  possibly  abundant  at  the 
high  pressure  considered  here,  are  ignored  in  the  model  which 
is  equivalent  to  assuming  that  these  complex  ions  contribute 
to  the  KrF*  and  Kr2  F*  formation  chains  in  the  same  way  that 
their  respective  dimer  ions  do. 

The  dissociative  recombination  rate  coefficients  used  for 
reaction  (4)  were  3.5  •  10~“  cm3  ■  s'1  for  Nej  (30)  and  2.2  • 
10“7  cm3  •  s"1  for  KrJ  (31],  assuming  an  electron  tempera¬ 
ture  of  1  eV.  The  rare-gas  excimer  formation  rates  (reaction 
(5))  were  recently  measured  to  be  much  slower  for  formation 
of  Nej  (4.1  X  10'34  cm6  •  s'1 ,  [32])  than  for  KrJ  (5.4  X 
10'3J  cm6  s'1  (33]).  Although  the  spontaneous  radiative 
lifetime  of  Kr*  [see  reaction  (6)]  has  been  measured  to  be  280 
ns  [13] ,  the  lifetime  for  Ne*  is  unknown  and  was  taken  to  be 
100  ns.  However,  in  the  mixtures  of  interest  to  the  present 
work,  very  little  Ne*  is  formed  because  Ne*  is  rapidly  inter¬ 
cepted  by  Penning  and  associative  ionization  reactions  with  Kr. 
Thus,  the  predictions  of  the  model  depend  weakly  on  the  as¬ 
sumed  Ne*  radiative  rate. 

3)  Mixed  Rare-Gas  Reactions :  Two  important  processes  in 
the  formation  chain  of  the  rare  gas-halides  in  neon  diluent  are 
Penning  ionization  and  associative  ionization: 

Ne*  +  Kr  -»  Kr*  +  e~  +  Ne  (PI)  (7) 

Ne*  +  Kr  -  NeKr7  +  e'  (AI).  (8) 

The  room  temperature  rate  constants  used  for  these  reactions 
were  those  reported  by  Neynaber  and  Magnuson  (34] :  5  X 
10~10  cm3  ■  s“‘  for  the  Penning  process  (7)  and  2.5  X  10~10 
cm3  ■  s'1  for  reaction  (8).  The  sum  of  the  two  rate  constants 
agrees  with  the  total  quenching  rate  constant  of  Ne*  by  Kr 
published  by  Brom  et  at.  (35) . 

The  complex  ion  NeKr*  subsequently  undergoes  charge 
exchange  with  Kr  or  dissociative  recombination  with  electrons 


follows: 

NeKr*  +  Kr  -  Kr7  +  Kr  +  Ne 

(9) 

NeKr4  +  Kr  -*  KrJ  +  Ne 

(10) 

NeKr7  +  e*  -*  Kr**Ne. 

(11) 
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TABLE  I 

F*  and  Ff  Quenching  Rau  Constants  [32) 
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Rate  constant'* 1 
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6 
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lb) 

One 

half 

the  «. 

ipper  Unit  is  used  as 

the  rate  constant  for 

computational 

purposes 


(c)  The  products  (not  specified  in  reference  32)  are  chosen  here  somewhat 
arbitrarily  This  assumption  is  inconsequential  to  tlw  predicted 
formation  of  Krf*  and  Kr^f*.  since  it  represents  interception  regardless 
of  the  branching  ratio  chosen. 

(d)  The  branching  ratio  for  production  of  NeF  is  arbitrarily  assumed  to  be 
SOI. 

Cross  sections  for  reactions  (9)  and  (10)  have  been  measured 
[36]  at  330  K.  Rate  constants  calculated  from  these  published 
cross  sections  are  1.3  X  10“*  cm3  •  s'1  and  4.6  X  10'11  cm3  • 
s'1  for  reactions  (9)  and  (10),  respectively.  The  rate  constant 
for  reaction  (11)  was  estimated  to  be  of  the  same  order  of 
magnitude  as  that  for  the  analogous  reaction  (4).  A  value  of 
1 .7  X  10”7  cm3  •  s'1  was  used  in  the  present  model. 

4)  Fluorine  Atoms  and  Molecules:  Again  assuming  the  elec¬ 
tron  temperature  to  be  ~1  eV,  then  the  dissociative  attach- 
ment  reaction 

Fj  +  «'  -*  F"  +  F  (12) 

proceeds  with  a  rate  constant  of  5  •  10”9  cm3  ■  s"1  (37] .  This 
rate  constant  varies  slowly  over  the  electron  temperature  range 
0.1-1  eV. 

Electronically  excited  fluorine  atoms  (F*)  and  molecules 
(F*  )  are  formed  in  e-beam  excited,  neon  diluted  gas  mixtures 
by  the  chain 

Ne*  +  F  -*NeF*-*F*-*FJ. 

Quenching  rates  for  F*  and  FJ  have  been  recently  measured 
by  Huestis  and  co-workers  [32] .  Their  results,  along  with 
some  minor  assumptions  invoked  to  apply  these  rates  to 
the  present  model,  are  listed  in  Table  1. 

For  the  intense  pump  used  in  these  experiments,  it  appears 
that  at  low  F2  partial  pressures,  a  fraction  of  the  initial  F2  is 
depleted  and  a  large  concentration  of  F  atoms  is  present  in  the 
gas  mixture  both  during  the  e-beam  pump  pulse  and  the  “after¬ 
glow.”  (The  recombination  of  F  atoms  to  F2  molecules  is 
assumed  to  be  negligible  on  a  100  ns  time  scale.)  Thus,  it  is 
important  to  consider  quenching  reactions  involving  F  atoms. 
Since  very  little  experimental  quenching  data  on  atomic  fluo¬ 
rine  exist,  it  has  been  assumed  that  rate  constants  for  reactions 
involving  F  are  the  same  as  those  for  the  analogous  reactions 
involving  Fj .  For  example,  the  collisional  process 


FJ  +  F-2F+F  (13) 

is  assumed  to  proceed  with  a  rate  constant  of  3.5  X  10”10 
cm3  •  s'1 ,  the  same  as  that  for  reaction  5  in  Table  I. 

The  energy  of  the  lowest  lying  electronic  excited  state  of 
atomic  fluorine  is  insufficient  to  Penning  ionize  Kr  Thus,  the 
interaction  of  F*  with  Kr  may  be  expected  to  produce  a  high 
lying  excited  state  of  Kr  which  will  rapidly  cascade  down  to 
one  of  the  Kr  metastable  levels,  designated  here  as  Kr*.  The 
process 

F*  +  Kr-Kr*  +  F  (14) 

was  assumed  to  occur  with  a  rate  constant  of  1  •  10'1J  cm3  • 
s'*  in  analogy  with  other  quenching  reactions  of  atomic  me¬ 
tastables  by  ground  state  rare-gas  atoms  (see,  for  example, 
[38a]).  The  predictions  of  the  model  are  weakly  dependent 
on  the  rate  constant  for  reaction  (14)  although  this  is  the  only 
process  in  the  model  that  links  energy  flow  from  the  NeF*  and 
F*  channel  with  the  formation  of  KrF*  and  Kr2  F*. 

5)  NeF*  Formation  and  Predissociation:  The  rate  constant 
for  quenching  of  Ne*  by  F2  has  been  measured  to  be  5.3  X 
10“10  cm3  s'1  by  Huestis  et  al.  [32],  In  this  model  the 
branching  ratio  for  the  formation  of  NeF*  is  assumed  to  be 
unity.  That  is, 

100  percent 

Ne*  +  F2  -»  NeF*  +  F.  (15) 

By  analogy,  it  is  also  assumed  that 

Ne*  +  Fa  -  NeF*  +  Ne  +  F  (16) 

proceeds  with  the  same  rate  constant.  Effective  two-body  rate 
constants  of  3  X  1(T4  cm3  -s"1  [39]  and  3.3  X  10”4  cm3  -s"‘ 
[40] ,  respectively,  have  been  computed  for  the  reactions 

Ne*  +  F'  +  Ne  -*  NeF*  +  Ne  (17) 

and 

Ne2  +  F~  +  Ne  -►  NeF*  +  2Ne  (18) 

for  a  background  pressure  of  5  amagats  Ne.  These  rate  con¬ 
stants  vary  slowly  with  Ne  pressure  and  are  similar  to  those 
for  krypton  diluent  and  so,  for  simplicity,  the  above  rate  con¬ 
stants  were  used  for  reactions  (17)  and  (18)  for  all  the  gas 
mixtures  modeled. 

Predissociation  into  F*  is  assumed  to  dominate  the  collisional 
loss  processes  for  NeF*  and  thus  the  mechanism 

NeF*  -*  F*  +  Ne 

(assuming  a  predissociation  lifetime  of  0.5  ns  [41] )  is  the  only 
NeF*  loss  process  considered  by  the  model. 

6)  KrF*  and  Kr2  F*  Formation,  Quenching,  and  Radiation: 
The  krypton  fluoride  exciplex  and  its  formation  and  quenching 
rates,  in  particular,  have  been  the  subject  of  numerous  inves¬ 
tigations  in  the  development  of  the  KrF  laser  [4] ,  [1 1] ,  [15] , 
[42]  -[44] .  The  processes  considered  and  rate  constants  used 
in  the  present  model  are  summarized  in  Table  II.  The  rate 
constant  for  process  (13)  is  one  of  the  few  for  which  its  tem¬ 
perature  dependence  has  been  calculated  [15],  So,  in  modeling 
Ne/Kr/F2  gas  mixtures  at  low  temperature,  Shui’s  results  were 
extrapolated  to  200  K. 
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TABLE  (I 

For  mm  ion  and  Qi  esc  hing  of  KrF* 
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(e)  The  rate  constant  for  reaction  6  is  estimated  by  analogy  fro*  reactions 
4  and  S. 

(f)  for  the  purposes  of  the  present  model,  "Products"  are  assumed  to  be  ground 
state  atoms 

(g)  One-half  the  upper  limit  is  used  as  the  rate  constant  for  computational 
purposes . 

(h)  Reference  6  predicted  and  reference  11  showed  experimentally  that  this 
three-body  quenching  of  KrF  will  likely  form  Kr^F. 

(1)  The  three-body  rate  constant  is  assumed  to  be  the  same  regardless  of  the 
Identity  of  the  third  body 


The  two -body  quenching  rate  constants  and  radiative  lifetime 
recently  measured  for  Kr2F*  by  Quigley  and  Hughes  [13]  are 
used  in  the  model.  The  rate  constants  are  <2  X  10'M  cm3  - 
s"‘  for  Kr  and  4.3  X  10~10  cm3  •  s"1  for  F2  and  the  Kr2F* 
lifetime  is  181  ns.  This  experimental  lifetime  is  in  reasonable 
agreement  with  the  theoretical  value  of  133  ns  determined  by 
Wadt  and  Hay  [6],  If  Ne  is  assumed  to  quench  Kr2F*  (in 
two-body  collisions)  as  fast  as  Kr,  then  even  at  high  Ne  pres¬ 
sures  (e.g.,  4000  torr),  rare -gas  deactivation  of  Kr2F*  contrib¬ 
utes  negligibly  to  the  total  quenching.  Once  again,  it  is  as¬ 
sumed  that  the  quenching  rate  constant  of  Kr2  F*  by  F  atoms 
is  the  tame  as  that  for  F2  molecules.  Formation  of  Kr2  F*  is 
presumed  to  occur  primarily  through  three-body  destruction 
of  KrF*  (reactions  13  and  14  in  Table  II). 

In  order  for  the  model  to  reproduce  the  experimentally  ob¬ 
served  dependence  of  the  peak  Ki2F*  fluorescence  intensity 
on  the  partial  pressure  of  Kr(/>|<,  *  0-1 500  torr;  see  Fig.  4)  it 
was  necessary  to  postulate  a  three-body  quenching  process  for 
Kr2F*.  The  best  agreement  between  the  computer  predictions 


Fig.  4.  Variation  of  the  peak  intensity  of  the  Ki2F*  410  nm  band  with 
Kr  density  at  room  and  dry  ice  temperature.  The  open  triangles  l  A ) 
represent  the  predictions  of  the  computer  model  described  in  Section 
ill,  assuming  T-  300  K.  Although  not  shown,  the  time  -integrated 
Kr2F*  fluorescence  was  found  to  exhibit  the  same  dependence  on 
[Kr|. 


and  the  experimental  results  was  obtained  when  the  rate  con¬ 
stant  for  the  collisiona)  reaction 

Kr2  F*  +  Kr  +  M  -*  Products,  (19) 

where  M  is  either  Ne  or  Kr,  was  taken  to  be  2.5  X  10‘32  cm6  ■ 
s'* .  (The  products  of  reaction  (19)  are  either  ground  state  Kr 
and  F  atoms  or,  possibly,  a  Kr3F*  molecule  and  M.)  The 
overall  shape  of  the  predicted  Kr2F*  fluorescence  versus  [Kr] 
curve  proved  to  be  quite  sensitive  to  this  assumed  three-body 
rate  constant.  A  variation  of  ~±  1 5  percent  in  the  rate  constant 
was  sufficient  to  force  the  predicted  curve  to  fall  well  outside 
the  scatter  of  the  experimental  data.  Deactivation  of  Kr2  F* 
by  electrons  in  superelastic  collisions  was  estimated  and  found 
to  be  unimportant. 

IV.  Kr2F*  Fluorescence,  Quenching,  and  Absorption 
In  this  section  the  results  of  several  fluorescence  and  absorp¬ 
tion  measurements  will  be  reported,  compared  with  model  pre¬ 
dictions,  and  discussed.  Specifically,  Kr2  F*  spontaneous  emis¬ 
sion  at  300  and  196  K  will  be  compared  and  the  fluorescence 
efficiency  of  the  Ki2F*  violet  continuum,  relative  to  the  N2 
( C-*B )  UV  band,  will  be  given.  Secondly,  the  measurement 
of  the  rate  constants  for  quenching  of  Kr2  F*  (41  T)  by  F2  at 
196  and  300  K  will  be  described.  Finally,  the  results  of  Kr2 F* 
gain/absorption  studies  at  358  nm  will  be  reported  and 
evaluated. 

A.  KrtF *  Spontaneous  Emission  and  Fluorescence  Efficiency 
Several  experiments  were  conducted  to  optimize  the  Kr2F* 
fluorescence  at  196  and  300  K.  For  these  experiments,  the 
diverter  switch  on  the  electron-beam  generator  was  adjusted  so 
that  the  excitation  pulse  was  of  12-14  ns  duration.  Also,  for 
the  low  temperature  studies,  the  e-beam  was  not  fired  until  at 
least  5  min  after  the  Ne/Kr/F2  gas  mixture  was  admitted  to  its 
cell  (see  Fig.  2)  to  allow  the  gas  temperature  to  equilibrate  with 
that  of  the  cell  walls.  Longer  delays  were  found  to  have  a 
negligible  effect  on  the  spontaneous  emission  signal.  In  ob¬ 
serving  the  axial  Kr2F*  emission  with  a  photodiode,  the  410 
nm  band  was  isolated  from  background  KrF*  and  Ne*  spon¬ 
taneous  emission  with  a  blue  bandpass  filter  ( Tmu  =  63  per¬ 
cent  at  Xc  =  390  nm,  AX  =  88  nm). 

Fig.  4  shows  the  dependence  of  the  peak  Kr2  F*  fluorescence 
on  Kr  density  in  Ne/Kr/F2  gas  mixtures  at  196  and  300  K. 
Similar  results  were  obtained  by  plotting  the  time-integrated 
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Kr2F*  spontaneous  emission  versus  (Kr] .  The  solid  line  in 
Fig.  4  is  simply  a  smooth  curve  drawn  through  the  data. 

Maximum  emission  was  observed  when  the  sum  of  the  neon 
and  krypton  pressures  was  kept  constant  at  4000  torr  and  the 
fluorine  partial  pressure  was  3  torr.  For  Kr  densities  up  to  S  • 
1019  cm"3 ,  the  peak  and  time- integrated  fluorescence  of  Kr2  F* 
vary  negligibly  between  196  and  300  K.  Since  the  various  gas 
densities  are  ~50  percent  higher  for  the  196  K  data,  plotting 
the  peak  fluorescence  versus  Kr  pressure  would  show  the  peak 
spontaneous  emission  at  a  given  Kr  pressure  to  be  higher  than 
room  temperature.  The  predictions  of  the  computer  code, 
which  were  normalized  to  the  data  at  [Krj  =  1.6  •  I019  cm'3, 
are  also  shown  in  Fig.  4  for  T-  300  K  and  krypton  pressures 
ranging  from  100  to  1500  torr.  As  was  mentioned  in  Section 
III,  the  good  fit  between  the  code  and  experiment  was  ob¬ 
tained  by  adjusting  only  one  rate  constant,  that  for  process 
(19).  Note  that  the  Kr2  F*  emission  increases  slowly  for  Kr 
densities  in  excess  of  101 9  cm'3. 

The  fluorescence  efficiency  of  Kr2F*,  relative  to  the  N2 
(C-*-B)  band,  was  determined  by  filling  the  e-beam  fluores¬ 
cence  cell  with  either  3800  torr  Ne/200  torr  Kr/3  torr  F2  (T  = 
196  K)  or  3000  torr  Ar/150  torr  N2  (T  =  300  K)  gas  mixtures, 
exciting  the  gases  with  the  electron  beam  and  viewing  the  re¬ 
sulting  emissions  with  a  photodiode.  Since  the  same  cell  was 
used  for  both  gas  mixtures  and  the  photodiode's  position  was 
fixed,  the  only  corrections  to  the  integrated  fluorescence  that 
were  required  were  due  to  1)  the  relative  electron  energy  ab¬ 
sorbed  by  the  two  different  gas  mixtures  and  2)  the  spectral 
characteristics  of  the  photodiode  and  blue  bandpass  filter. 
The  e-beam  energy  deposited  in  the  gas  was  estimated  using 
the  NRL  TEP  code  described  previously  [26] ,  [45] .  Using 
this  approach,  the  fluorescence  efficiency,  tj  (=  integrated 
fluorescence  normalized  to  the  deposited  electron -beam 
energy),  for  the  Kr2F*  continuum  was  found  to  be  2.8  times 
that  for  the  N2  (C-*B)  band  [46].  Also,  hKr,F*  did  not 
change  when  Pki  w»s  increased  (at  196  K)  from  200  to  500 
torr,  suggesting  that  the  rise  in  Kr2F*  fluorescence  (Fig.  4) 
over  this  pressure  range  is  primarily  due  to  increased  e-beam 
deposition  in  the  gas  mixture. 

ft  Quenching  of  Kr1F*  by  f  \ 

For  all  of  the  gas  mixtures  studied,  the  time  decay  of  the 
Kr2F*  fluorescence  (observed  50-100  ns  after  the  termination 
of  the  pumping  pulse)  was  found  to  be  described  by  a  single 
exponential  over  several  time  constants.  Fig.  5  shows  the 
linear  variation  of  the  exponential  decay  frequency  r'1  with 
for  Ne,  Kr,  and  F2  gas  mixtures  where  the  partial  pres¬ 
sures  of  Ne  and  Kr  are  fixed.  The  departure  of  both  the  196 
and  300  K  data  from  linearity  for  [F2]  >  1.5  ■  10"’  7  cm"3 
presumably  occurs  since,  for  these  fluorine  densities,  the 
fluorescence  decay  rate  is  becoming  comparable  to  the  three- 
body  formation  rate  for  Kr2F*  which  is  ky[KrJ 3  ~  6-9  • 
10 9  s'1  at  196  K  [15]. 

Also  shown  in  Fig.  5  is  the  prediction  of  the  computer  model 
for  the  dependence  of  the  Kr2F*  population  decay  rate  on 
|Fj  j  for  T-  300  K.  Although  the  Kr2F*  fluorescence  decay 
is  likely  to  be  influenced  by  several  kinetic  processes,  if  Fj 
quenching  is  assumed  to  be  dominant,  then  the  rate  constants 


Fig.  5.  Dependence  of  the  Kr2F*  fluorescence  exponential  decay  con¬ 
stant  r_1  on  [F2  ]  for  T  =  196  and  300  K.  The  solid  lines  indicate  the 
least  squares  fitting  of  the  data  points  for  (F2J  <  1.5  1017  crn"3 
(see  text).  Again,  the  open  triangles  represent  the  predictions  of  the 
computer  kinetics  code  for  T  =  300  K. 

for  quenching  of  Kr2F*  by  F2  at  196  and  300  K  can  be  deter¬ 
mined.  The  solid  lines  shown  in  Fig.  5  represent  the  least 
squares  fit  of  the  data  (for  F2  1.5  •  1016  cm'3  )  to  the 
equation 

r'1  =  |  r;‘  +  £  +  X  k'AQj ) 2  j  +  *F,  (F! !  <-0> 

where  r~'  is  the  exponential  decay  rate  of  the  Kr2F*  fluores¬ 
cence.  T,  is  the  Kr2F*  spontaneous  radiative  lifetime,  [  ]  rep¬ 
resents  particle  densities.  is  the  two-body  Kr2  F*  quenching 
rate  constant  for  F2,  and  the  k,  and  k)  are  the  two-  or  three- 
body  rate  constants,  respectively,  for  quenching  of  Kr2  F*  by  the 
background  gases  Q  (neon  or  krypton).  Since  Pm  and  pNr 
are  constant  in  Fig.  5  and  or!)  ihe  fluorine  pressure  is  varied, 
then  the  term  in  brackets  in  (20)  is  a  constant.  Also,  the  slopes 
of  the  least  squares  lines  in  Fig.  5  yield  the  rate  constants  for 
quenching  of  KrF*  by  F2  as  (4.1  ±  0.5)  10''°  cm3  ■  s'1  (300 
K)  and  3.0  ±  0.5)  ■  10"'°  cm3  •  s'1  (196  K).  The  least  squares 
line  for  the  computer  generated  predictions  in  Fig.  5  has  a 
slope  of  4.4  •  10'10  cm3  s'1  which  is  within  10  percent  of 
the  experimentally  observed  value. 

The  room  temperature  rate  constant  determined  here  is  in 
excellent  agreement  with  the  (4.3  ±  0.4)  •  10'10  cm3  s'1 
value  reported  by  Quigley  and  Hughes  [13] .  Also,  cooling  of 
Ne,  Kr,  and  F2  gas  mixtures  apparently  results  in  slower 
quenching  of  the  Kr2  F  exciplex  by  F2 . 

C.  A  bsorption  at  358  nm 

The  superimposed  spontaneous  emission  spectra  of  Kr2F* 
and  the  C-»fi  band  of  N2  are  shown  in  Fig.  6(a)  where  the 
various  N2  (C-*-B)  vibrational  transitions  are  denoted  by 
(u',  v").  The  peak  of  the  Kr2F  continuum  lies  at  X  —  410 
nm  anu  the  bandwidth  is  AX  ~  43  nm.  The  spectra  were  re¬ 
corded  with  3000  torr  Ar/150  torr  N2  (at  300  K)  in  the  long 
(9  cm)  cell  section  (see  Fig.  2)  and  with  3500  torr  Ne/500 
torr  Kr/3  torr  F2  (196  K)  in  the  shorter  section.  Also,  the 
arrow  shown  in  Fig.  6(a)  indicates  the  441.6  nm  wavelength 
at  which  HOHM  previously  reported  absorption  [12] . 

Since  the  (0,  3)  transition  of  the  N2  (C-*  B)  band  roughly 
coincides  in  wavelength  with  the  peak  of  the  Kr2  F*  fluores¬ 
cence,  several  attempts  were  made  to  achieve  lasing  on  this  line 
using  the  double  compartment  e-beam  cell  of  Fig.  2.  This  ef¬ 
fort  was  unsuccessful  and  although  stimulated  emission  at 
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hip  6.  Densitometer  tracings  of  the  Kr2T  *  and  N2  (C  -*  B)  spectra  ob¬ 
served  in  these  experiments,  (a)  Spontaneous  emission  from  3000 
torr  Ar  and  150  torr  N2  in  the  long  c-beanr  cell  and  3500  torr  Ne. 
500  torr  Kr.  and  3  torr  l-2  in  the  other,  (b)  Ar-N2  358  nrn  laser  line 
strength  for  3000  torr  Ar  and  150  torr  N2  in  the  long  cell  and  3950 
torr  Nc.  50  torr  Kr.  and  3  torr  l;2  in  the  shorter  compartment  ithe 
cavity  mirrors  are  described  in  the  text),  (c)  Ar-N2  laser  output  for 
the  same  Ar-N2  gas  mixture  as  (b)  but  with  3800  torr  Ne.  200  torr 
Kr  and  3  torr  f;2  in  the  second  compartment.  Calibration  of  the 
spectra  was  accomplished  using  a  Hg  discharge  lamp.  The  spectro¬ 
graph  resolution  for  (a),  (b).  and  (c)  was  -0.3  nm  and  all  of  the  Kr2T 
spectra  were  recorded  with  the  Ne/Kr/I:2  section  of  the  e-beam  cell  at 
196  K  The  vertical  axis  for  all  three  traces  is  linear  in  optica)  density. 
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l;ig  3  ppc  linear  variation  of  the  absorption  of  c-beam  excited  Ne.  kr. 
and  l-2  mixtures  (at  358  nm  i  with  K  r  pressure.  The  sum  of  lire  ki  and 
Ne  pressures  was  held  constant  at  4000  torr  and  all  the  measurements 
were  conducted  at  196  K  The  solid  line  is  the  linear  least  squares  fit 
of  the  data  points  and  its  zero  pressure  intercept  is  0.83  percent  cm'1 
The  absorption  was  determined  by  normalizing  the  laser  energy  out¬ 
put  obtained  with  a  certain  Ne  krT;  mixture  to  that  obtained  with 
the  cell  evacuated.  The  two  error  bars  show n  are  representative  of 
all  of  the  data  taken.  Generally .  due  to  the  uncertainty  in  the  calibra¬ 
tion  curve  of  Tig.  3.  the  estimated  error  in  the  data  increased  with  the 
Kr  pressure  li  e.,  higher  loss). 


380.5  nm  [(0,  2)  transition]  could  be  obtained  by  filling  both 
compartments  with  an  Ar-N2  mixture,  only  on  the  (0,  1 )  line 
at  358  nm  could  lasing  be  reliably  obtained  using  only  the 
longer  section  of  the  cell. 

Fig.  6(b)  is  a  densitometer  tracing  of  the  Ar-N2  358  nm 
laser  line  obtained  by  placing  dielectric  mirrors  (described 
in  Section  II)  around  the  two  compartment  cell.  In  this  case, 
the  long  section  contained  a  3000  torr  Ar,  150  torr  N2  mix¬ 
ture  while  the  shorter  compartment  held  a  3950  torr  Ne,  50 
torr  Kr,  and  3  torr  F2  mixture  at  196  K.  Increasing  the  partial 
pressure  of  krypton  in  the  Ne/Kr/F2  mixture  to  200  torr 
seriously  degraded,  rather  than  enhanced,  the  Ar-N2  laser 
output  as  shown  in  Fig.  6(c).  In  taking  the  data  of  Fig.  6,  dry 
ice  was  packed  only  around  the  Kr2F*  cell,  since  the  output 
power  of  the  Ar-N2  laser  is  known  [48|  to  decrease  dramat¬ 
ically  at  low  temperatures. 

Using  the  calibration  procedure  outlined  in  Section  ll-C,  the 
magnitude  of  the  absorption  at  358  nm  was  measured  for  vari¬ 
ous  Ne,  Kr,  and  F2  gas  mixtures.  (The  absorption  was  mea¬ 
sured  by  normalizing  the  Ar-N2  output  energy  obtained  with 
the  desired  Ne/Kr/F2  mixture  to  that  obtained  with  the 
Kr2  F*  cell  evacuated.  Fig.  3  was  then  invoked.)  This  absorp¬ 
tion  was  found  to  vary  only  slightly  for  Ne/F2  gas  mixtures 
but  increased  dramatically  when  Kr  was  added.  Fig.  7  shows 
the  dependence  of  the  absorption  on  the  partial  pressure  of 
krypton  where  the  sum  of  the  Ne  and  Kr  pressures  was  kept 
constant  at  4000  torr.  The  solid  line  in  the  figure  is  the  linear 
least  squares  fit  to  the  data  points  and  obeys  the  relationship: 
net  loss  (percent  •  cm'1  )  =  0.83  +  7.36  •  10"3  Pk,,  where 
p ki  is  expressed  in  torr.  Error  bars  are  also  shown  for  data 
points  at  each  end  of  the  graph  to  indicate  the  estimated  error 
per  data  point,  which  is  largely  due  to  uncertainty  of  the  slope 
of  the  calibration  line  in  Fig,  3.  Generally,  the  error  per  data 
point  gradually  increased  with  the  loss. 

One  drawback  of  the  absorption  technique  used  here  (as 
compared  to  using,  say,  an  external  dye  laser  probe)  is  that  the 
gas  medium  under  study  can  be  probed  only  during  the  Ar-N2 


laser  pulse.  For  these  experiments,  although  the  c-beam  pulse 
was  approximately  rectangular  with  a  full  width  of  50  ns, 
Ar-N2  lasing  occurred  only  during  the  last  ^10  ns  of  the 
pump  pulse.  This  was  due  to  the  near  threshold  operation  of 
the  laser  which,  in  turn,  was  dictated  by  the  short  ('9  cm) 
gain  length  of  the  Ai-N2  laser.  As  a  result,  the  absorption 
measurements  deal  only  with  the  last  10  ns  of  the  pump  pulse 
Also,  the  data  given  (Fig.  7)  have  been  lime  integrated  over 
that  10  ns  interval.  This  presents  no  problems  because  the 
population  densities  of  the  excited  species  of  interest  (Kr  2 , 
Kr2F*,  etc.)  were  not  expected  (based  on  fluorescence  wave¬ 
forms  and  computer  predictions)  to  vary  appreciably  during 
the  10  ns  interval.  Both  of  these  limitations,  probe  pulselength 
and  time  resolution,  may  be  rectified  by  using  an  Ar-N2  laser 
cell  with  a  longer  gain  length. 

D.  Discussion 

Since  the  absorption  shown  in  Fig.  7  is  roughly  linear  with 
the  Kr  pressure,  then  excited  species  whose  population  densi¬ 
ties  vary  linearly  with  Pk,  are  potential  absorbers.  Computer 
code  predictions  of  the  densities  of  the  KrF*,  Kr2,  Kr;F*, 
and  Kr2  molecules  for  0  <Pki  ^  200  torr  are  shown  in  Fig.  8. 
Although  seven  other  excited  species  were  also  studied,  the 
four  shown  in  the  figure  were  expected  to  be  most  likely  re¬ 
sponsible  for  the  358  nm  absorption.  Also,  the  population 
densities  shown  in  Fig.  8  are  those  existing  45  ns  after  the  ini¬ 
tiation  of  the  e-beam  current  pulse,  since  the  Kr  dependence 
was  found  to  change  only  slightly  with  time  for  40  <  /  <  50  ns 
(f  =  0  represents  the  beginning  of  the  e-beam  pulse).  Of  the 
species  examined  by  the  model,  only  Kr2  F*  and  Kr  2  exhibited 
a  linear  dependence  on  Kr  pressure. 

Assuming  both  Kr2  F*  and  Kr  2  absorb  at  358  nm,  the  photo¬ 
absorption  cross  section  of  Ki2F*  can  then  be  estimated.  The 
absorption  cross  section  of  Ki  2  in  the  visible  and  near  UV  has 
been  extensively  studied,  both  theoretically  [16],  (49]  and 
experimentally  |50]-[54|.  Wadt  and  co-workers  [16],  |55] 
have  calculated  the  Kr2  absorption  cross  section  at  358  nm 
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Tig.  8.  Computer  predictions  of  the  krypton  pressure  dependence  of 
the  population  density  of  various  molecules  in  electron-beam  excited 
Ne.  Kr,  and  t;2  gas  mixtures.  While  each  molecule  shown  is  a  poten¬ 
tial  absorber  at  358  nm.  only  the  kr+,  and  k  r:  t  *  populations  prow 
linearly  with  Pyj  over  the  range  0-200  tort.  The  scale  factor  in 
parentheses  for  the  various  molecules  indicates  the  factor  by  which 
the  ordinate  must  be  multiplied  to  obtain  the  correct  particle  density 
The  populations  shown  arc  those  existing  45  ns  after  the  initiation  of 
the  e-beam  current  pulse  (although  the  Kr  pressure  dependence 
changes  only  slightly  as  a  function  of  time)  The  calculations  were 
performed  for  T  -  196  K. 

and  200  K  to  be  26.2  •  10  18  cm3,  which  is  in  excellent  agree¬ 
ment  with  Lee  and  Smith's  value  [52|  of  (24.8  ±1.9)  10"18 
cm2  (measured  at  357  and  351  nm)  and  Vanderhoffs  cross 
section  [50]  of  23.8  •  10"18  cm2  which  was  also  measured  for 
photon  energies  of  ~3.5  eV.  However,  both  of  the  experi¬ 
mental  values  were  measured  at  or  near  room  temperature  and 
so  the  theoretical  cross  section  was  incorporated  into  the  cal¬ 
culations  to  follow. 

The  absorption  data  shown  in  Fig.  7  represent  only  the  net 
absorption  of  the  Ne,  Kr,  and  F2  gas  mixtures  and  do  not  ac¬ 
count  for  the  gain  of  the  Kr2F*  band  presumed  to  be  present 
at  358  nm.  Assuming  rK,i  F.  to  be  between  133  and  181  ns 
and  taking  AX  to  be  in  the  range  of  40-60  nm,  then  ox  = 
(5.1  ±  1.6)  ■  10'18  cm2  for  the  410  nm  band.  Therefore,  the 
total  absorption  suffered  by  the  Ar-N2  probe  laser  in  travers¬ 
ing  the  Ne/Kr/F2  cell  is 

“total  (cm-1 )  =  |  Gain  I  +  |  Measured  Loss  I  =  ase  (Kr2F*| 

+  8.3  ■  10"3  +  7.4  •  10"5  PjCf  (21) 

where  Pyj  is  again  expressed  in  torr.  Absorption  due  to  the 
excited  Ne-F2  background  gases,  which  is  the  second  term 
(PKr  =  0  intercept  of  Fig.  7)  on  the  right-hand  side  of  (21). 
will  be  discussed  later.  Considering  only  Kr2  and  Kr2F*  ab¬ 
sorption  for  the  moment,  for  a  given  Kr  pressure, 

Measured  Loss  =  Kr2  F*  and  Kr2  Loss  Kr2F*Cain  (22) 

From  Fig.  8,  (Kr2F*|  =:  5.3  •  10  13  cm'3  (lor.  Kr)  1  and 
(Kr 2 }  ±e2.2  1012  cm"3  (lorrKr)"1  for  pNc  and  phl  approx¬ 
imately  fixed.  Therefore,  o„  [Kr2F*|  =  2.7  10'3  percent/ 
torr  Kr  and  Ox,;  [Kr 2  j  =5.8  10"3  percent/torr  Kr.  Also, 
recall  that  the  net  loss  due  to  Kr-containmg  excited  spe¬ 
cies  (solid  line  of  Fig.  7)  is  given  by  7.4  !0'3  percent/torr  Kr. 
Despite  its  large  photoabsorption  cross  section,  then,  Kr2  is 


nor  ihe  major  source  ol  the  observed  loss,  accounting  lor  only 
~17  percent  ol  the  total  absorption  (3  4  10  2  percent  torr 

Kr)  due  to  krypton-containing  excited  molecules  in  3800  torr 
Ne  /’ Kr  3  ton  F.  gas  mixtures.  Now,  if  Kr  -  is  assumed  to  be 
the  orr/i  absorber  responsible  for  the  observed  loss,  then  the 
Krt  photoabsorption  cross  section  is  calculated  to  be  I  b 
10  16  cm2  which  is  considerably  large:  than  the  experimentally 
measured  cross  sections  mentioned  above 

The  remaining  absorption  (2.9  10‘2percent/torr  Kr)  divided 
by  |Kr:F*]  gives  the  photoabsorption  cross  section  of  Kr2F* 
at  200  K  as  5.4  ■  I0'18  ent2  which  is  approximately  a  factor  of 
five  lower  than  that  for  kr  2  at  the  same  wavelength  and  tem¬ 
perature.  (Actually.  5.4  •  10"18  cm2  must  be  viewed  as  an 
upper  limit  for  irkl  y.  since  the  gain  of  the  Kr2F*  band  at 
358  nm  will  probably  be  lower  than  the  band's  peak  value.) 

The  low  Kr.F*  photoabsorption  cross  sec  "on  inferred  from 
these  experiments  is  contrary  to  theoretical  predictions  (6) 
which  suggest  that  oKr  +  ~  oy,  |...  This  prediction  resulted 
from  the  weak  perturbation  of  Kr  2  by  F"  that  has  been  cal¬ 
culated  for  Kr>F*  (Kr2l  ).  Although  the  computed  Kr2F* 
and  Kr2  densities  used  earlier  lo  calculate  n^r,  i  •  are  approxi¬ 
mate,  they  arc  nonetheless  expected  to  be  accurate  to  within  a 
factor  of  two.  Consequently,  at  358  nm,  oKti  g.  appears 
to  be  significantly  less  than  80  percent. 

Hunter  et  al.  [12[  were  able  to  eliminate  Kr2F*  as  a  possible 
absorber  at  441.6  nm  based  on  the  temporal  behavior  of  the 
absorption.  The  wavelength  dependence  of  the  Kr:F*  absorp¬ 
tion  cross  section  [6  j  also  suggests  that  this  triatomic  molecule 
may  be  an  insignificant  absorber  for  X  >  400  nm.  However, 
the  1.5  ■  10"3  cm'1  absorption  repotted  in  [12)  for  Ar,  Kr, 
and  F2  gas  mixtures  (ptotai  —  1600  torr)  is  consistent  with 
Ar2  or  Kr2  absorption. 

As  mentioned  previously,  the  aero  Kr  pressure  intercept  of 
the  solid  line  in  Fig.  7  (0.83  percent  cm"1)  is  the  358  nm  ab¬ 
sorption  due  to  excited  4000  torr  Ne,  3  torr  F2  gas  mixtures. 
Both  Ne2  and  F"  are  possible  absorbers  at  this  wavelength 
1 56 J  (absorption  by  ground  state  F2  molecules  is  negligible), 
but  the  low  F"  densities  predicted  by  the  kinetics  code  for 
these  mixtures  suggest  that  this  negative  ion  contributes  neg¬ 
ligibly  lo  the  observed  absorption.  (Also,  Mandl’s  results  [57) 
show  that  the  F"  photodetachment  cross  section  is  rapidly  fall¬ 
ing  for  X>  350  nm.)  Therefore,  taking  [Ne2]  to  be  1  10j6 
cm'3  (code  prediction  for  the  time-average  Ne2  density  from 
r  -  40-50  ns),  then  oNev  =8.1  -  10'”  cm2.  This  compares 
with  Lee  and  Smith's  experimental  value  [52]  of  19.3  ■  10"” 
cm2  (7"'- 300  K)  and  Wadt,  Cartwright,  and  Cohen's  |16J 
theoretical  prediction  of  5  ■  10  ”  cm2  at  200  K.  Table  111 
summarizes  the  photoabsorption  cross  sections  that  are  sig¬ 
nificant  at  358  nm. 

The  strong  nonlinearity  of  the  Kr*  population  for  0  < 
Pki  50  torr  (shown  in  Fig.  8)  suggests  that  the  Kr*  excimer 
contributes  insignificantly  to  the  358  nm  absorption  observed 
in  these  experiments.  Although  it  appears  that  studies  of  the 
electronic  structure  of  Kr*  have  not  yet  been  published,  de¬ 
tailed  Xe*  potential  curve  calculations  have  been  performed 
recently  by  trmler  and  co-workers  [58J.  Their  results  indi¬ 
cate  that  Xe*  absorption  [from  low-lying  ungerade  states 
associated  with  the  Xe*  (3/’2,  37,1  )+  Xe(’S)  asymptote  to 
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gerade  levels  connected  to  the  Xe*  ( 3P0 , 1 P, )  +  Xe(‘  5)  limit) 
should  be  similar  to  that  for  the  Xe2  ion.  A  similar  situation 
may  hold  for  Kr*  and  Kr2. 

If  Kr*  is  indeed  absorbing  strongly  in  the  350  nm  range, 
then  an  upper  limit  for  may  also  be  calculated  from  the 
data  already  presented.  The  [Kr* |  curve  shown  in  Fig.  8  can 
be  roughly  approximated  by  the  line  [Kr*)  =  2.6  •  101 4  cm'3 
(torr  Kr)'1 .  After  subtracting  the  contribution  of  Kr2  from 
the  overall  absorption,  the  remaining  absorption  for  "4000 
torr  Ne/pi^/3  torr  F2  gas  mixtures  is  2.9  •  10~2  percent/ 
torr  Kr.  Dividing  this  value  by  the  KrJ  slope  above  yields 
(OKr^max  ~  11  ■  10-'8  cm2. 

V.  Conclusions 

A  simple  laser  intracavity  technique  has  been  used  to  probe 
for  gain  on  the  violet  continuum  of  Kr2F*.  Although  intense 
fluorescence  from  Kr2F*  and  reduced  quenching  of  the  tria- 
tomic  molecule  by  F2  occurs  at  low  temperature  (e.g.,  196  F), 
strong  absorption  has  been  observed  at  358  nm.  This  absorp¬ 
tion,  which  appears  to  be  due  to  Kr2F*,  Kr2,  and  Ne2,  sug¬ 
gests  that  it  is  unlikely  that  an  efficient  Kr2F*  laser  is  attain¬ 
able  in  e-beam  excited  Ne,  Kr,  and  F2  gas  mixtures,  even  for 
wavelengths  closer  to  the  410  nm  band  center. 

By  calibrating  the  absorption  system  with  F2  and  Cl2 ,  the 
Ne2  and  Kr2F*  absorption  cross  sections  at  358  nm  and  196 
K  have  been  estimated  to  be  8.1  ■  10"”  cm2  and  5.4  •  10"18 
cm2,  respectively.  The  Kr2F*  photoabsorption  cross  section 
is  ~~2Q  percent  of  that  for  Kr2  at  the  same  wavelength  (2.6  ■ 
10"' 7  cm2, 300  K). 

Potentially  extremely  sensitive  and  not  requiring  an  external 
dye  laser,  the  intracavity  technique  described  in  this  paper  is 
applicable  to  a  wide  range  of  potential  laser  systems. .The  only 
criterion  that  must  be  satisfied  is  that  a  known  e-beam  excited 
laser  line  must  lie  in  the  wavelength  range  of  interest  for  the 
probed  gas  mixture. 

Finally,  rate  constants  for  the  quenching  of  Kr2F*  by  F2 
have  been  determined  for  T-  196  and  300  K  and  the  room 


temperature  result  is  in  excellent  agreement  with  a  previously 
reported  value. 
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The  prospect  of  obtaining  stimulated  emission  on  the 
C—rA  transition  of  XeF  has  tantalized  many  laser  physicists 
for  several  years.  The  large  bandwidth  (~  100  nm)  and  cen¬ 
ter  wavelength  at  -  470  nm  offer  the  prospect  of  a  tunable 
higher-power  gas  laser  operating  over  a  large  region  of  the 
visible  spectrum.  Attempts  to  obtain  oscillation  on  the  C-+A 
transition  with  electron-beam  excitation  have  been  frus¬ 
trated  by  the  existence  of  transient  optical  absorption.  This 
absorption,  which  appears  throughout  the  visible  and  ultra¬ 
violet  in  e-beam-pumped  systems,  is  thought  to  be  associated 
with  excited  rare-gas  dimers  or  dimer  ions.  Recently,  this 
absorption  problem  has  been  circumvented  through  photo- 
lytic  pumpiny  of  XeFj  to  produce  laser  oscillation  on  the 
XeF  C— vl  iransition.1  Another  approach  to  the  excitation  of 
the  C-+A  laser  is  direct  discharge  pumping.  Reported  here  is 
the  first  demonstration  of  an  electrically  pumped  laser  on  the 
XeF  C— *A  transition.  The  laser  was  excited  in  a  self-sus¬ 
tained  transverse  electric  discharge.  The  results  of  this  dem¬ 
onstration  indicate  that  the  power  extracted  on  the  C—A 
transition  was  limited  by  the  short  time  ( ~  75  nsec)  available 
for  the  buildup  of  stimulated  emission.  In  addition,  strong 
absorption  observed  throughout  the  laser  spectral  region 
from  atomic  lines  originating  on  the  first  excited  states  of  Xe 
may  further  limit  the  efficiency  of  operation  of  the  XeF 
C— *A  laser  excited  in  a  discharge-pumped  system. 

Laser  emission  centered  near  490  nm  was  obtained  over 
a  bandwidth  of  approximately  30  nm  from  gas  mixtures  con¬ 
sisting  of  He,  Xe,  and  NF„  excited  in  a  uv-preionized  trans¬ 
verse  electric  discharge.2  The  discharge  had  an  active  length 
of  50  cm  and  a  cross  section  of  2  X  0. 5  cm,  into  which  up  to  1 0 
J  of  electrical  energy  could  be  deposited  in  ~75  nsec.  The 
optical  cavity  was  formed  by  two  3-m  radius-of-curvature 
dielectric-coated  mirrors  with  transmission  of  0. 1  %  be¬ 
tween  450  and  5 1 0  nm,  mounted  within  the  discharge  cavity. 
The  mirrors  were  also  AR  coated  at  350  nm  in  order  to 
supress  oscillation  on  the  XeF  B->X  transitions  at  35 1  and 
353  nm. 

Measurements  of  the  laser  output  with  a  calibrated 
photodiode  located  3  m  from  the  discharge  showed  that  the 
laser  energy  was  of  the  order  of  0. 1/rJ  in  a  pulse  of  175-nsec 
duration.  The  laser  was  therefore  operating  very  near 
threshold.  However,  the  low  divergence  ( —  1  mrad)  and 
spectral  narrowing  of  the  output  indicated  that  laser  oscilla¬ 
tion  had  actually  been  achieved.  Stimulated  emission  was 
obtained  initially  from  gas  mixtures  consisting  of  0.3%  Xe, 
0. 1  %  NF„  and  He  at  a  total  pressure  of  1000  Torr,  The 
output  from  the  laser  was  subsequently  found  to  increase 


with  helium  pressure  up  to  2300  Torr  (the  maximum  operat¬ 
ing  pressure  of  the  laser  cell).  The  optimum  concentrations 
of  Xe  and  NF,  were  found  to  remain  constant  at  3  and  1 
Torr,  respectively,  independent  of  the  total  gas  pressure.  At 
the  higher  pressures  the  output  coupling  of  the  optical  cavity 
was  increased  to  5%  with  an  increase  in  laser  output  to  3/jJ 
in  a  125-nsec  pulse. 

The  shape  of  the  C— A  laser  pulse  (with  the  high-@  opti¬ 
cal  cavity)  is  shown  in  Fig.  1  The  spike  at  the  beginning  of 
the  pulse  arises  from  superfluorescence  on  the  XeF  B  -X 
transition  at  351  nm.  This  spike  marks  the  peak  of  the  75- 
nsec  fluorescence  pulse  from  the  XeF  B  and  C  states.  The 
C  A  laser  pulse  may  be  seen  tc>  build  up  during  this  sponta¬ 
neous  emission  pulse,  and  then  to  decay  exponentially  with  a 
time  constant  defined  by  the  Q  of  the  optical  cavity  ( -  75 
nsec).  This  rather  long  decay  time  indicates  that  the  optical 
absorption  in  the  laser  medium  following  the  termination  of 
the  pumping  pulse  does  not  exceed  0.04%  cm1. 

The  spectrum  of  the  C-+A  laser  is  shown  in  Fig.  2.  Laser 
emission  occurs  between  450  and  510  nm.  Interspersed 
throughout  the  emission  band  are  numerous  absorption 
lines.  Many  of  these  lines  have  been  assigned  to  transitions 
which  terminate  on  the  lr  (Paschen  notation)  states  of  Xe 
and  the  Is  2s  and  Is  2 p  states  of  He.  These  states  in  Xe  are 
precursors  to  the  formation  of  the  excited  states  of  XeF  and 
are  significantly  populated  in  the  discharge.  The  two  absorp¬ 
tion  lines  of  shortest  wavelength  (at  462.4  and  467. 1  nm) 
appear  to  be  responsible  for  the  reduced  laser  output  near 
470  nm,  and  for  the  apparent  shift  in  the  center  of  the  laser 
spectrum  to  the  red  of  the  fluorescence  maximum  at  about 
470  nm.  In  addition  to  the  rare-gas  absorption  lines,  a  num¬ 
ber  of  other  lines  which  have  not  been  identified  but  which 
may  arise  from  molecular  species  also  contribute  to  the  re¬ 
duction  of  the  laser  output. 

Optical  gain  on  the  C-»A  transition  was  measured  un¬ 
der  conditions  similar  to  those  under  which  laser  oscillation 
was  obtained  using  a  cw  argon-ion  laser  as  a  probe.  These 
measurements  yielded  a  peak  gain  coefficient  of  0.01  cm  '  at 


FIG.  I  XeF  C  *A  laser  pulse  shape 
The  spike  at  the  beginning  results 
from  XeF  B  *\  superfluorescence 
which  anses  near  the  peak  of  the 
spontaneous  emission  pulse.  Sweep 
speed  =  50  nsec/div 
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FIG  2  Spectrum  of  the  XeF  C  *A  laser  Absorption  lines  assigned  to 
atomic  transitions  m  Xe  and  He  are  labeled 


476  and  488  nm  and  about  one-half  this  gain  at  5 1 5  nm.  The 
integrated  gain  available  for  the  buildup  of  oscillation  over 
the  75-nsec  optical  pulse  is  given  by 

camAr  =  22.5, 

where  am  is  the  peak  small-signal  gain  coefficient.  This  inte¬ 
grated  gain  is  very  close  to  the  recognized  threshold  gain  of 
30  required  for  the  buildup  of  oscillation  from  spontaneous 
noise.  The  observation  of  weak  laser  emission  is  therefore 
consistent  with  the  measured  gain  and  short  time  available 
for  laser  buildup. 

In  conjunction  with  the  gain  measurements,  the  sponta¬ 
neous  emission  intensity  on  both  the  C— »A  and  B—*X  transi¬ 
tions  was  also  measured.  These  intensity  measurements  were 
made  using  the  photodiode  used  to  measure  the  laser  output 
power.  Absolute  fluorescence  intensities  were  inferred  from 
the  known  sensitivity  of  the  photodiode  and  the  measured 
solid  angle  subtended  by  the  photodiode  which  viewed  the 
axial  emission  from  the  discharge.  These  measurements 
yielded  a  peak  fluorescence  power  density  of  5  kW  cm1  on 
the  C-*A  transition  and  roughly  five  to  ten  times  this  power 


density  on  the/?  -X  transition  Peak  populations  of  10  'em 
in  both  the  XeF  C  and  B  states  were  calculated  from  the 
fluorescence  intensity  using  the  measured  radiative  lifetimes 
of  the  B  and  C  states  ( 1 5  and  90  nsec,  respectively).  These 
calculations  suggest  that  the  populations  of  the  7?  and  (' 
states  are  strongly  mixed  by  electrons  in  the  discharge  since 
the  C state  has  been  found  to  lie  roughly  0  1  eV  below  the  B 
state  ‘  This  mixing  is  not  unexpected  since  measurements 
indicate  peak  electron  densities  of  10  '  cm  and  maximum 
electron  temperatures  of  -  10  eV  in  the  discharge 

The  peak  small-signal  gain  on  the  C  -.4  transition  may 
also  be  calculated  from  the  measured  fluorescence.  The  cross 
section  for  stimulated  emission  at  the  center  of  the  C  -  4 
band  is  found  from  the  measured  bandwidth  and  radiative 
lifetime  to  be  about  1  x  10  "  cm'.  The  small-signal  gain 
(.<rC4\\)  is  therefore  about  0  01  cm  ,  in  agreement  with  the 
measured  gam. 

Finally,  the  measured  fluorescence  on  the  C  >.4  and 
B— ‘X  transitions  gives  a  fluroescence  efficiency  of  about  2T. 
based  upon  the  electrical  energy  stored  in  the  laser  discharge 
capacitors.  Thus,  if  this  fluorescence  power  could  be  extract¬ 
ed  in  the  C-  -A  laser  pulse,  one  could  expect  laser  energies  of 
up  to  200  mJ.  However,  if  the  B  and  C  states  are  strongly- 
coupled,  efficient  optical  extraction  will  require  an  intraca- 
vity  flux  of  —  10  MW  cm  :.  In  the  laser  experiments  de¬ 
scribed  above,  the  maximum  intracavity  flux  reached  was 
only  600  W.  Extraction  was  therefore  limited  to  a  small  frac¬ 
tion  of  the  available  energy  If  the  length  of  the  discharge 
pumping  pulse  can  be  increased  somewhat  while  maintain¬ 
ing  a  high  pump  power  density  ( ~  10“  W  cm  then  efficient 
optical  extraction  may  be  possible.  The  ultimate  efficiency 
for  extraction  of  the  laser  energy  will  depend,  in  addition, 
upon  the  magnitude  of  nonsaturable  optical  loss  in  the  laser 
medium.  If  this  loss  can  be  reduced  to  a  small  fraction  of  the 
small-signal  gain  on  the  C— *A  transition,  then  efficient  oper¬ 
ation  of  the  C — *A  laser  may  be  possible  in  both  discharge  and 
optically  pumped  systems. 
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